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ABSTRACT
With the increasing consum ption o f energy, fuel cells are among the most
promising alternatives to fossil fuels, provided some technical challenges are overcome.
Proton exchange

membrane

fuel

cells

(PEM FCs)

have

been

investigated

and

improvements have been made, but the problem with Nafion®, the main membrane for
PEMFCs, has not been solved. Nafion® restricts the membranes from operating at higher
temperatures, thus preventing them from working in small electronics. The problem is to
develop a novel fuel cell membrane that performs com parably to Nafion® in PEMFCs.
The membranes were fabricated by applying sulfated zirconia, via template
wetting, to porous alumina membranes. The fabricated membranes showed a proton
conductivity o f 0.016 S/cm in com parison to the proton conductivity o f Nafion® (0.05
S/cm). Both formic acid and methanol had a lower crossover flux through the sulfated
zirconia m em branes (formic

acid-

2.89><1 O' 7

mols/cm2s and

m ethanol-1.78x 10‘9

moIs/cm 2 s) than through Nafion® (formic acid -2 .0 3 x l0 ‘8 mols/cm2s m ethanol-2.42xl0'6
mols/cm 2 s), indicating that a sulfated zirconia PEMFC may serve as a replacem ent for
Nafion®.
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CH A PTER 1
INTRODUCTION
The first fuel cell was invented by Sir William Grove in 1839. Sir G rove’s fuel
cell utilized the reaction o f hydrogen and oxygen to generate electricity, which is the
reverse o f electrolysis o f w ater [1]. The term “fuel cell” w as first used in 1889 by the
chemists Ludwig Mond and Charles Langer during their attem pt to construct an actual
device [1], Since then fuel cells have em erged as a leading form o f alternative energy and
they have been incorporated into many different applications including portable
electronics, transportation, and the space program.
There are a number o f different types o f fuel cells, each with its advantages and
disadvantages. This study is focused on a particular category o f fuel cells known as the
"proton exchange membrane fuel cells" (PEM FCs). Although hydrogen is used as the
fuel for the majority o f PEMFCs, the low power density o f hydrogen limits its use in
mobile applications. Therefore, two particular types o f PEM FCs that utilize liquid fuels
were studied in this work: direct formic acid fuel cells (DFAFCs) and direct methanol
fuel cells (DM FCs).

Proton exchange membrane fuel cells, or "polymer electrolyte

membrane fuel cells," as they are sometimes called due to the usual use o f polymers as
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the membrane, are capable o f producing a higher pow er density (0.7 W /cm2) compared to
other fuel cells and batteries [2-4],

In order to operate, PEM FCs require a catalyst

(normally platinum), a fuel from a hydrogen source (i.e. hydrogen, formic acid or
methanol), oxygen, and an electrolyte membrane [5].
Although PEM FCs are currently used in the majority o f fuel cell applications, a
number o f different fuel cell types have been historically used (alkaline, phosphoric acid),
and others are emerging as potential candidates for the future (biofuels).

In addition,

some fuel cells find niche markets in areas that require high tem peratures (solid oxide and
molten carbonate). One o f the first types o f fuel cells developed were alkaline fuel cells
(AFCs). These were first widely used aboard spacecrafts in the Apollo missions [5,7-8].
The electrolyte used for these fuel cells is a potassium hydroxide solution. AFCs have a
large therm al operating range o f 50-200°C [9-10]. The main disadvantage with AFCs is
that they are easily poisoned by carbon monoxide. They are not widely used or studied
today.
The most mature o f all o f the fuel cells are phosphoric acid fuel cells (PAFCs).
These fuel cells use liquid phosphoric acid as their electrolyte. As o f 2002, PAFCs were
the only type o f fuel cells that had actually been incorporated into commercial
applications [7], mainly in combined heat and power systems [7, 11]. PAFCs are usually
large, heavy, and expensive, making them impractical for use in portable systems,
allowing for a fuel cell fueled o ff o f formic acid to succeed. This is possible due to the
high pow er density and light weight o f a formic acid fuel cell [2, 4, 6 ].
Solid oxide fuel cells (SOFCs) operate at high tem peratures using a solid ceramic
electrolyte.

They generally operate on a mixture o f carbon monoxide and hydrogen
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produced by reforming a hydrocarbon fuel [12]. The main advantage o f SOFCs is there
is not a need for an expensive noble metal catalyst because o f the high operating
temperature (typically between 750-1000°C), thus reducing the cost o f the fuel cell. One
disadvantage o f SOFCs is their inadequacy for transportation and portable electronics due
to their slow startup and the thermal shielding required by the high operating
temperatures. SO FC’s main application is stationary pow er generation [1, 13].
Bio fuel fuel cells use enzym es to catalyze the reactions w ithin the fuel cell, either
alone or contained in a m icro-organism [14-17]. An advantage o f these systems is that
enzymes are selective by nature and will only catalyze specific substrates, eliminating
poisoning concerns, and readily available biological fuels can be used (i.e. glucose or
alcohols). Because these types o f fuel cells use biological com ponents, they are limited
to operational conditions in which the enzym es or mirco-organisms can survive, typically
around temperatures o f 20-40°C and neutral pH [14]. They are currently o f interest for
research only, though they do have potential applications as low pow er energy
scavenging systems or as pow er systems for bio-implantable devices. [15-17]
Molten carbonate fuel cells (M CFCs) operate at the highest o f temperatures
among all o f the fuel cells and have a high tolerance to a variety o f fuels [7, 18]. They
are also capable o f obtaining high efficiencies. The type o f electrolyte used in these fuel
cells is lithium and potassium carbonate.

The main disadvantage o f MCFCs is the

durability o f the fuel cell. A nother problem with the high tem perature o f M CFCs is the
safety o f handling them.

M CFCs are mainly used for medium-large scale stationary

pow er generation [18]. The different types o f fuel cells are summarized and compared in
Table 1.1.
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Table 1.1: Comparison o f Different Fuel Cells.

T ype

O p e ra tin g
R ange

A d v an tag es

D isadvantages

M ain
A pplication

C itatio n

PEMFC

<80°C

By-products
are water,
heat and
electricity

Cannot operate
at high
temperatures,
high catalyst
cost, expensive
membrane

Vehicles,
stationary
pow er

1 ,5 ,7

PEMFC(DM and
DFA)

<80°C

High power
density

Cannot operate
at high
temperatures,
high catalyst
cost, expensive
membrane

Portable
electronics

2, 4 ,6

AFC

50-200°C

O perate at
higher
voltage and
higher
efficiency

Easily poisoned
by CO

SpacecraftApollo
missions

1 ,5, 710

PAFC

150-200°C

M ost mature
o f fuel cell
technology

Large, heavy,
expensive,
weak acidity

-2 0 0 kW
CHP
systems

1,7, 11

SOFC

750-1000°C

No precious
metal
catalyst
required,
tolerance to
C 02

Slow start-up

Stationary
Power, 1
KW -MW
CHP

1, 12-13

Bio fuel
Cell

20-40°C

Very
selective

N eeds neutral
pH, poor
stability

Bio-implants
and energy
scavenging

14-17

MCFC

~650°C

Operate at
extremely
high
temperature,
efficiencies

Durability,
corrosion,
safety

Stationary
Power
(mediumlarge scale)

7, 18
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Figure 1.1 illustrates the operation o f a simple hydrogen PEMFC. At the anode,
hydrogen splits to form protons and electrons.

For an ideal case w ith a perfectly

insulating membrane, ions, in this case protons, permeate the membrane/electrolyte;
whereas, the electrons do not. The membrane is further designed to prevent permeation
o f the fuel. Electrons travel through connecting wires providing power to a load. Once
the ions (protons) have passed through the electrolyte they reach the cathode and reunite
with the electrons and oxidant to produce the w aste products. In this case, the oxidant is
oxygen and the waste product is water. M odifying the membrane could lead to improved
proton transport and thus increase pow er o f the fuel cell. This w ork will focus on the
im provements to surface acidity o f the membrane and thus the increased proton
conductivity.

The pow er generated by a fuel cell is, in part, a function o f the ionic

conductivity, fuel permeability, and electronic insulating properties o f the membrane.

POWER

HEAT
Load

*

Cathode

Figure 1.1: Schematic o f a simple hydrogen PEMFC.
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The most common materials used for a proton exchange membrane are sulfonated
perfluoroploymers such as Nafion®. Among the weaknesses o f Nafion® is that it cannot
be used at tem peratures over ~80°C because it starts to dehydrate. At ~120°C it starts to
therm ally degrade [19].

Sulfonic acid term inated side chains tend to agglomerate in

N afion , creating hydrophilic regions in addition to the hydrophobic regions dominated
by the perfluorinated polymer backbone [20].

These hydrophobic regions limit w ater

retention [2 0 ], which plays a key role in the two primary mechanisms o f proton
conduction, the Grotthuss mechanism, and the vehicular diffusion mechanism [21-24].
Both o f these mechanisms will be discussed in detail in Chapter 2. A nother important
issue with Nafion® is the permeability o f fuel, especially methanol.

Fuel crossover

through the membrane leads to reduced fuel utilization, cathode poisoning, and reduction
o f the potential due to oxidation at the cathode [25].

An ideal replacement membrane

material for Nafion® would exhibit good w ater retention, a low fuel crossover rate, good
proton conductivity (~ 0.1 S/cm) [26], good mechanical stability, low cost, and thermal
stability. The goal o f this w ork was to explore the suitability o f sulfated zirconia based
materials as a potential Nafion® replacement.
Chapter 2 reviews membranes that have been studied for proton exchange
membrane fuel cells. The experimental methods used throughout the w ork are discussed
in Chapter 3. The details o f the methods used to fabricate and measure the performance
o f the membranes is provided as well.

C hapter 4 discusses the results from the

performance characterization on the sulfated zirconia and sulfated zirconia-Nafion®
composite membranes.

Finally, Chapter 5 concludes the dissertation; it reiterates key

results from the w ork and discusses possible research paths for future work.

CH A PTER 2
LITERATURE REVIEW
The need for an improved proton exchange membrane material is one o f the key
challenges limiting fuel cell technology today. This chapter begins with an analysis o f
the current standard membrane material, Nafion®, and the problems associated with it.
The major classes o f alternative proton exchange membrane materials from the literature,
(i.e. ceramics, polym er inorganic com posites and alternative polym ers), are then
reviewed.

In this work, alternative membranes based on superacidic sulfated zirconia

were explored.

Superacids were o f interest because o f their increased proton

conductivity properties. Sulfated zirconia has been well characterized in the literature for
other applications, and therefore, was chosen for this study. The chapter will conclude
with a discussion o f the role o f surface acidity in proton conduction and more specifically
o f the potential for sulfated zirconia in proton exchange membranes.

Current Technology
The main focus o f this work was proton exchange membrane materials for direct
methanol and direct formic acid fuel cell applications.
used

The most common materials

for membranes include perfluorosulfonic acid polym ers (PFSAs) such as
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g
Nafion®, Flemion, and Aciplex [19, 27]. The chemical structure for N afion81, as depicted
in Figure 2.1, consists o f a perfluorocarbon backbone with sulfonic acid (SO3)
terminated side chains [28-29].

The structure o f Nafion® has areas that are both

hydrophobic and hydrophilic. The perfluorocarbon structure is hydrophobic, while the
sulfonic acid side chains are hydrophilic. When w ater contacts Nafion®, a separation
between the hydrophobic and hydrophilic regions occurs.

The separation o f regions

creates a seal, holding the w ater in the membrane [30]. This sealing o f the membrane
only occurs when the membrane is fully hydrated with enough w ater to seal within the
membrane. The perfluorocarbon structure is responsible for providing the membrane its
stability, but these structures limit w ater retention w hich is important for proton
conductivity [22].

The -SO 3 side chains group into a w ell-connected domain, which

facilitates the transport o f protons in the membrane [22]. The sulfonic acid side chains
dissociate in w ater into -SO3' anions and H+ cations. The FT can be transported through
the membrane via w ater molecules [23], as depicted in Figure 2.2.

Therefore, the

sulfonic acid and w ater is necessary to maintain the high proton conductivity o f Nafion®.
The focus o f this study was to create a material with a strong acid structure to facilitate
ion transport, but without the hydrophobic regions, and therefore w ater retention issues o f
Nafion®.
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Figure 2.1. Chemical structure o f Nafion® [19, 27-29].

A

O

H

B

s _ O'
O

H

H

O

H+— O

O

H

Figure 2.2. Transport o f H+ in Nafion® via aid o f -SO 3 '. A) is prior to release o f H+ and
B) is after the release o f H +.

Proton Conductivity
Proton Transport Mechanisms
There are tw o mechanisms for the transport o f protons through Nafion®. These
two mechanisms are known as the "Grotthuss mechanism" and "vehicle diffusion" [2324]. Water plays a key role in both o f these mechanisms. W hen Nafion® membranes are
exposed to water, the sulfonic acid dissociates into -SO 3 " and H+. The -SCV remains
stationary while the proton transport can occur via tw o mechanisms.

In the Grotthuss

mechanism, depicted in Figure 2.3, H jO + ions donate protons to surrounding w ater
molecules causing the movement o f protons through the membrane. This hopping leaves
neutral w ater molecules behind [23-24] and is facilitated by a network o f hydrogen bonds
as shown in Figure 2.3. O ne exam ple where the Grotthuss mechanism occurs is with
surface diffusion. Because the space between neighboring -SO 3 ' groups in PSFAs are too
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far apart for protons to travel directly, these protons must hop between neighboring water
molecules [23].

H
H-

q

H

H

—H+- - 0 —H -

O—H

H
> H —O

H

H

H~ 0 — H+ O—H

Figure 2.3. Proton transport via the Grotthuss mechanism [21].
In the vehicle diffusion model, depicted in Figure 2.4, the proton is transported
through the membrane by diffusion o f a larger com plex molecule (H 3 0 + or Hs0 2 +, or
when methanol is used, C F h O F ^ ) [22, 24]. As with the -SCb' example described above
for the G rotthuss mechanism, the proton from the -SO 3 " would be transferred to a
neighboring molecule (such as w ater, methanol, or phosphoric acid).
would diffuse through the membrane transporting the proton.

The molecule

The selectivity o f the

membrane would dictate the degree that membrane transport would occur with water
versus the fuel.

It has been observed that when operating at higher tem peratures, the

vehicular mechanism is preferred over the Grotthuss mechanism [21-22]. To understand
why the tem perature affects the proton transfer mechanisms, the hydrogen bonding must
be taken into account. Hydrogen bonding is a critical factor for a solvent that controls its
dielectric constant, structure and molecular relaxation processes [31].

M ountain et al.

have determ ined the same correlation between hydrogen bonding and tem perature: as the
temperature increases, the hydrogen bonding decreases [32-33]. This correlation is why
the vehicular mechanism

is favored at higher tem peratures over the Grotthuss

mechanism. At the lower tem peratures, there are greater numbers o f hydrogen bonds for

the protons to travel along; whereas, at the higher tem peratures there are not; thus the
protons must enlist aid from a larger com pound to diffuse through the compound.

H
I

H+ ------- >

0 -H +

------- > H+

I

H
Figure 2.4. Proton transport via vehicular diffusion mechanism [21]
W ater has been confirm ed to be necessary for proton conductivity in both
mechanisms by N M R analysis [22, 30, 34]. Therefore, low w ater retention can be
detrim ental to fuel cell performance.

I f the membrane is too dry (lack o f water

retention), the conductivity can decrease as will fuel cell performance [22]. Therefore, an
ideal membrane would be more hydrophilic than Nafion®, w hile acting as a barrier to
prevent fuel crossover.
In addition to water retention in the membrane, the membrane requires a strong
acidity. As with the w ater retention, an ideal membrane would possess a higher acidity
than Nafion®. In order to determine what type o f membrane would be capable o f having
a high acidity, it must first be understood what acidity is.

Acidity
Bronsted and Lowry defined an acid as a substance w ith the ability to donate
protons [35]. Acid strength is determined by how easily these protons can be donated
from the substance, which is quantified by the pK a. The pKa is defined as the negative
com mon logarithm o f the acid ionization constant, Ka
pK a = - l o g K a.

(2.1)
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The equilibrium constant is the ratio o f products to reactants when the reaction is
at equilibrium. Acidity o f the solution is defined by the concentration o f protons, and can
be determined by measuring the pH o f the solution, and the pH is defined as the negative
logarithm o f the hydrogen concentration,
pH = —log[H+].

(2.2)

For example, hydrochloric acid, HC1, which has a pK a o f -7, is considered a
strong acid; however, hydrofluoric acid, HF, which has a pK a o f 3.18, is a weak acid in
w ater [35]. Therefore, with equivalent concentrations o f HC1 and HF, the HC1 would
donate more protons and subsequently have a lower pH (be m ore acidic).

Similarly, the

sulfonic acid side chains on Nafion® are a weak acid with a pKa value o f around 1. A
greater density o f these acid sites is required to provide a greater number o f protons
capable o f being donated. The high density o f acid sites on perfluorocarbons, such as
Nafion®, Flemion, and Aciplex, allows these types o f membranes to produce high proton
conductivities (~10 ' 2 S cm '1) [22, 36].

Crossover
Fuel crossover is defined as the am ount o f fuel that diffuses through the fuel cell
membrane.

Fuel crossover is an important param eter because it can reduce the fuel

utilization, poison the cathode, and reduce the potential at the cathode [37-40]. Crossover
is a function o f the membrane's com position, m icrostructure and thickness, as well as the
environm ental param eters placed on the membrane itself. Crossover can be reported as
either a crossover flux or pow er density depending on the measurement technique. The
crossover flux is the amount o f fuel that has passed through the membrane over a given
am ount o f time.

The pow er density is the pow er per unit volume o f the fuel cell.
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Preventing significant fuel crossover for methanol, especially at high concentrations is a
challenge due to the mixed potential occurring from multiple redox couples caused by
methanol at the cathode, and resulting in losses in cell polarization and fuel [41].

If

methanol can be operated at higher concentrations, high energy densities can be achieved.
To this end, formic acid has been investigated as an alternative and has been
reported to have a lower membrane diffusion than methanol [42]. Formic acid does not
have the same problem that methanol does with the mixed potential at the cathode, and
thus, is able to operate at higher concentrations. In order for formic acid to achieve the
high pow er densities comparable to

methanol,

it must be operated at higher

concentrations to overcome a mass transport limitation preventing formic acid from
reaching the anode [43]. For example, using a solution o f at least 80% formic acid would
produce an acceptable pow er density even though the energy density o f formic acid is
less than h alf o f that o f methanol [43].

In other words, a 12M formic acid fuel cell

operated at a voltage o f 0.4 V produces a power density o f 48.8 W/cm2 [43], but a
com parable methanol fuel cell operated at 1M and 0.4 V produces a pow er density o f
only 32.0 W/cm2 [43]. This difference between the two fuels allow s the use o f higher
concentrations in formic acid to achieve equal o r better results than a lower concentration
o f methanol w ithout increasing the diffusion rate o f the fuel.

Methanol as a PEMFC Fuel
M ethanol was first investigated as a possible fuel for a working fuel cell due to its
high energy density versus hydrogen. M ethanol is much sim pler to store and transport
than hydrogen because it is a liquid at room temperature. M ethanol does not require the
fuel vaporizer, fuel vaporizer’s heat sources or the special transport that are necessary
with hydrogen, resulting in a more com pact and cost effective solution. Reported power
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densities o f up to 500 mW /cm2 have been achieved using methanol as the fuel under
optimized operating conditions (higher temperatures, higher pressures and dilute
concentrations) [44-45]. The overall chem ical reaction for methanol in a fuel cell can be
seen in Equation 2.3.

CH3O H + | o 2 -» 2H20 + C02.

(2-3)

As noted earlier, one challenge o f the methanol fuel cells is the crossover that can
occur at concentrations over 2M. This high crossover rate is due to the mixed potential
present in methanol but not found in formic acid.

Low methanol concentrations are

considered to be 1-2M o r 4-8 volume % [6]. Crossover can be minimized by operating at
lower methanol concentrations; however, operating at lower concentrations negatively
impacts the pow er density the fuel cell can produce. Yamaguchi et al. were successful in
reducing the methanol permeability after filling the membrane pores with a polym er gel
[46]. The goal o f this research work was to reduce the crossover rate, in com parison to
Nafion® (1.98* 1O'6 mols/cm2s), by reducing the pore size o f the membrane [6, 41]. The
hypothesis o f this w ork was that the smaller membrane pore sizes will reduce the
diffusion flux o f methanol.

Formic Acid as a PEMFC Fuel
Formic acid has a number o f inherent advantages as a PEMFC fuel.

The

theoretical open circuit potential o f formic acid is 1.45 V which is greater than the 1.21 V
o f methanol [43, 45-48]. For systems that use platinum (Pt) as a catalyst, formic acid has
been observed to be less poisoning than methanol [47]. M ethanol can possibly react with
platinum forming methoxonium cations, which also diffuse rapidly through the
membrane [47], The lower crossover o f formic acid further aids in the reduction o f the

poisoning to the cathode. Formic acid partially dissociates into HCOO' and H+ in water.
Formic acid cations do not poison the Pt catalyst as adversely as the methanol cation
since the formic acid com pletely dissociates [42-43, 47].

Equation 2.4 represents the

chemical reaction o f formic acid in a fuel cell
HCOOH + i 0 2 -> H20 + C 02.

(2‘4)

As noted above, the crossover o f formic acid has been observed to be lower than
that o f methanol. The low crossover o f formic acid is attributed to the high repulsive
forces between the sulphonic acid ion in Nafion® and the form ate anions in formic acid
[43].

Rice et al. determined the crossover o f 2M -20M formic acid through a N afion

membrane.

The highest pow er density was 48.8mW /cm2 at 12M formic acid,

outperform ing a com parative methanol fuel cell [43].

A 1M formic acid crossover flux

o f 2.03x1 O'8 mol/cm2s through Nafion® was reported by Rhee et al. [42], and compared
favorably to a methanol crossover flux o f 3.55X10-6 mol/cm2s at the same concentration
[49]. Even at a higher concentration o f formic acid (10M ), the crossover flux through
Nafion® was determined to be 1.86x10‘7 mol/cm2s, still better than methanol at lower
concentrations [49],

Therefore, the formic acid flux reported by Rhee establishes a

benchmark o f performance for any alternative membrane system.

Alternative Membrane Materials
In order for a membrane to be useful as an alternative membrane

for

transportation or small scale power generation, the membrane should possess a proton
conductivity o f at least 0.1 S/cm [50]. The proton conductivity o f Nafion® ranges from
0.05-0.1 S/cm [51-53]. Several different types o f membranes have been tried over the
years to replace Nafion® as the main membrane for fuel cells.

These membranes are
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categorized into three main groups for the purpose o f this w ork:

porous ceramics,

polym er inorganic com posites and alternative polymers.

Porous Ceramics
Porous ceram ics are hydrophilic and are thus naturally wettable. Because o f this
characteristic, porous ceramics have become favorable as possible fuel cell membranes.
Porous ceramics are additionally easily fabricated with consistent and uniform pore
structures. The types o f porous ceramics used for fuel cell applications include porous
alumina, porous silicon, zeolites and sol-gels.
Porous alum ina is fabricated via electrochemical oxidation. This electrochemical
oxidation produces a highly ordered array o f pores.

This method further allows for

control over different parameters (average pore diameter, porosity and diam eter) o f the
porous alumina membrane [54]. Porous alumina has an insulating nature requiring the
addition o f a protonic conductor to make it applicable to producing the ionic conductivity
necessary for a working fuel cell [53-54]. Solid acid salts, like CsHSC>4 , have been added
to porous alumina via impregnation, where the salt is applied to the membrane via
immersion into a salt solution. It has been observed that the greater amount o f solid acid
salt added to the porous alumina membrane, the larger the proton conductivity becomes
[52].
Porous silicon has also being investigated as a possible fuel cell application. The
porosity and layer thickness can be similarly varied by changing the anodization
param eters [54]. The proton conductivity o f porous silicon is easily increased if exposed
to an acidic aqueous media.
hydroxyls [53].

This exposure creates an oxidized surface with acidic

The acidic hydroxyls are the reason for the increased proton

conductivity. Gold et al. fabricated a sulfuric acid loaded porous silicon membrane that
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produced a proton conductivity similar to that o f N afion* and a 5M formic acid crossover
rate lower than Nafion® [53].

Results showed the formic acid crossover increased from

4.3x I O'8 to 3.9* 10‘7 mol/cm2s as the current density o f the porous silicon membranes was
increased from 20 to 120 mA/cm2 [53].

It is believed if the pore dimensions are

fabricated on the nanoscale level, the diffusion barrier to the fuel m olecules can be raised
high enough to preclude significant crossover while still allowing for proton transport.
A nother group o f porous ceramic material used as proton exchange membranes
are the zeolites.

Zeolites are crystalline aluminosilicates w ith a negatively charged

“honeycom b-like” structure [55-56]. There are 48 different naturally occurring types and
150 artificially synthesized types.

Zeolites used as a membrane in fuel cells have

dem onstrated low methanol crossover rates [57].

However, similar to other ceramic

membranes, zeolites have a low proton conductivity and, thus, need a filler to improve
this essential property. Nafion®/acid functionalized zeolite nanocom posites have been
fabricated and tested as alternative membranes for PEMFCs.

Results showed that for

these types o f membranes the methanol crossover was reduced by approxim ately 40% ,
and the proton conductivity was slightly lower than that o f Nafion® [34, 56]. Baglio et
al. fabricated a series o f membranes with three different types o f zeolites (chabazite,
clinoptilote, and mordenite) for fuel cells to operate at tem peratures around 140°C.

It

was determined that for the three different membranes, the acidic groups on the surface in
com bination with the w ater in the membrane act as the transport for the proton [56]. The
results from the zeolites confirmed the vehicular mechanism w as in effect based on the
operating tem perature range o f the membranes. The three different membranes also
showed a maximum power density around 350-390 mW /cm2 suggesting an increase in
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proton conductivity and a decrease in methanol permeability in com parison with the
N afion

membranes tested under the same conditions [56],

chitosan membranes with zeolite fillers.

Wang et al. fabricated

It was reported that the proton conductivity

decreased as the weight ratio o f the zeolite filler in the membrane increased [57], This
trend was attributed to the decrease in w ater uptake in the membranes with the addition
o f the zeolite fillers.
Zeolites have shown to provide some advantages in the areas o f methanol fuel
cells. They have been used as the main membrane as well as fillers for other membranes.
When used as the main membrane, they have consistently shown a reduction in methanol
fuel crossover with the addition o f fillers. However, their main disadvantage com es from
proton conductivity. As determined, the proton conductivity is hindered due to the issues
that zeolites have with the w ater uptake in the membrane.
Sol-gels are a type o f porous ceramic, typically a metal oxide, that have been
proven as a potential fuel cell membrane.

Sol-gels are materials made from chem ical

solution (the sol) that is the precursor for an integrated network (the gel). Incorporating
metal oxides into membranes via the sol-gel process has become a favorable alternative
to making fuel cell membranes. Sol-gels are favorable because they are hydrophilic and
should increase the w ater retention and thereby enhance the proton conductivity [58].
The most common metal oxides used are titanium oxide (TiCh), silicon oxide (SiC>2 ), and
aluminum oxide (AI2 O 3 ) [19, 58-60]. Jun et al. determined that at 110°C, a Nafion®
membrane incorporated with SiC>2 exhibits a proton conductivity o f 0.198 S/cm (Siemens
per centim eter), which was higher than Nafion® by itself [58]. The increase in proton
conductivity with the addition o f silicon oxide, was thought to be due to the Si-OH and
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Si-O-Si functional groups which have a strong hydrophilic attraction.

This increase in

proton conductivity is similar to the proton conductivity that Miyake and co-workers
determined for Nafion®/Si02 at 120°C (0.185 S/cm) [59], It was observed by Jung et al.
that once N afion’VSiCb reaches 125°C the proton conductivity decreases with the
increase o f the SiC>2 in the membrane [19]. Vichi and co-w orkers fabricated different
membranes out o f TiC>2 , SiCh and AI2 O 3 and tested them at 80% relative humidity and
room temperature. The reason o f the study was to determine the effect o f w ater on the
proton conductivity o f the membranes based on the fact that the conductivity o f Nafion®
increases when the relative humidity increases from 33-81% . It was found that all three
types o f membranes had an increase in proton conductivity with an increase in relative
humidity from 33-97% , with the highest being that o f T i0 2 at l.lx lO '3 S/cm [60]. The
different com positions o f relative humidities were controlled by immersing the
membranes in different saturated salt solutions at the corresponding com positions. The
relative humidity contributed to the proton conductivity by maintaining w ater in the
membrane and thus aiding the proton transport.

Vichi et al. showed that the sol-gel

membranes proton conductivities are highly dependent on the relative humidity; whereas,
the Nafion® membranes are not as strongly dependent on the relative humidity.
Datta et al. fabricated a Nafion®/sulfated zirconia nanocom posite using the solgel technique. This w ork dem onstrated that the addition o f sulfated zirconia, a known
super acid, increased the number o f acid sites and the w ater uptake in the membrane [45].
The nanocom posite was tested at two temperatures, 25°C and 90°C, producing proton
conductivities o f 0.06 S/cm and 0.105 S/cm, respectively [45]. The latter reached the
proton conductivity value set for viable alternative membrane. The sol-gel membranes
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have some potential for fuel cell membrane alternatives but still have problems to
overcome due to a high dependency on the relative humidity and need a Nafion® support
to produce the highest proton conductivities.

The proton conductivity was only

comparable to Nafion® when it was incorporated into a com posite with Nafion® and
operated at a higher tem perature (125°C).

The sol-gel membrane was capable o f

performing at a higher tem perature than the Nafion® based membranes due to its increase
in w ater retention and additional mechanical and therm al stability. In this respect, sol-gel
membranes have proven to be promising in the area o f alternative membranes with their
increased capability o f w ater retention and operation at elevated temperatures.

Polymer Inorganic Composites
Composites are items made up o f tw o or more materials.

Thus, polym er

com posites are the com bination o f two materials with at least one being a polymer. The
area o f polym er-inorganic com posites is the only one to be discussed for this work;
however, co-polym ers are also o f interest when discussing com posites. Co-polym ers are
membranes that consist o f two monomers joined together via a chemical process.
Polymer com posites are o f interest because most polymers possess good thermal and
mechanical properties [61] and once com bined with an additive, the proton conductivity
has the possibility to increase [24, 36, 61-64]. As mentioned previously, for a composite
to be considered as an alternative membrane for transportation or small scale power
generation it needs to have a proton conductivity o f at least 0.1 S/cm [50].
With each o f the polym er inorganic com posite membranes that have been
examined for alternative membranes, either the polym er or the additive has undergone
some type o f sulfonation process.

This sulfonation process is what aids in the proton
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conductivity o f the polym er com posites. Table 2.1 summarizes the com posites discussed
by listing the main membrane and the corresponding additive.
Table 2.1: Summary o f Composite Polymer Membranes.
P olym er

A dditive

Sulfonated Poly(vinyl acetate) (PVA)

Layered silicate

Sulfonated poly(arylene ether ether
ketone ketone) (SPAEEKK)

Sulfonated silica nanoparticles

Nafion®

Sulfonated M ontmorillonite

Sulfonated poly(ether ether ketone)
(SPEEK)

Sulfonated poly(vinyl alcohol)
(SPVA)

Nafion®

Polystyrene sulfonic acid (PSSA)

Sulfonated poly(ether ether ketone)
(SPEEK)

Sulfated zirconia supported Pt
catalyst (SZ-Pt)

Sulfonated poly(vinyl acetate) (PVA) [62], sulfonated poly(arylene ether ether
ketone ketone) (SPAEEKK) [24], and sulfonated poly(ether ether ketone) (SPEEK) [6162]

showed an increase in proton conductivity over the original polym er after

sulfonation. One reason that SPAEEKK composite is o f interest for polym er inorganic
com posites is due to the fluorinated domains within the m em brane which causes
increased hydrophobicity [24].

The fluorinated domain causes the formation o f

hydrophobic and hydrophilic domains within the membrane, similar to Nafion®. If the
membrane is fully hydrated, these tw o domains will create a seal and will aid in the w ater
management in the membrane.
It is clear that w ater has a significant role in the proton conductivity o f the
membrane. Duangkaew et al. noted an increase in proton conductivity with w ater uptake
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for their PVA/layered silicate com posites [63]. The influence o f w ater can be related
back to the tw o proton transport mechanisms previously described, the G rotthuss and
vehicular mechanisms, both o f which require water.
The addition o f com posite inorganic polym ers has proven to decrease the
methanol perm eability [24, 36, 65].

The most common additive for the inorganic

composites is a nonconductive ceramic oxide.

It is evident that the polymer inorganic

com posites are successful in blocking the transport o f methanol through the membrane by
either blocking the surface, blocking the internal channels, o r a combination o f both. Bae
et al. discovered that the methanol permeability was affected by the degree o f sulfonation
on the membrane as was the proton conductivity [36]. Therefore, an optimal degree o f
sulfonation was required to achieve both a high proton conductivity and low methanol
permeability.

It was determined the degree o f sulfonation had a greater impact on the

proton conductivity than the methanol crossover rate.

Table 2.2 summarizes the

observations for alternative polym er inorganics com posites that were explored for fuel
cell membranes.
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Table 2.2: Summary o f Polymer Inorganic Composites.
W a te r
U p tak e
Initial
decrease
and then
increase

P ro to n
C o n d uctivity
Initial decrease
at 2% and then
increase after
2%

M eO H
C ro sso v er
N/A

Ref.

Sulfonated
silica
nanoparticles

N/A

0.02 S/cm

3M: 4.86x1 O'7
cm V
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Sulfonated
poly(ether
ether ketone)
(SPEEK)

Sulfonated
poly( vinyl
alcohol)
(SPVA)

N/A

1.65-2.02 xiO’2 2M :4 .6 5 x lO '6
S/cm
cm V 1
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Nafion®

Polystyrene
sulfonic acid
(PSSA)

Decreased
considerable
with
increasing
crosslinking

0.02 S/cm

Decreased
with increased
cross-linking
up to 5 mol %

36

Nafion®

Sulfonated
Montmorillonite

N/A

After 5%
additive
increase was
rapid

2M:
Decreased
with
increasing
additive
content

64

Sulfonated
poly(ether
ether ketone)
(SPEEK)

Sulfated
zirconia
supported PT
catalyst (SZPt)

Increased
with
temperature

1.41x1 O'2 S/cm

N/A

61

P o ly m er

A dditive

Sulfonated
Poly( vinyl
acetate)
(PVA)

Layered
silicate

Sulfonated
poly(arylene
ether ether
ketone
ketone)
(SPAEEKK)

63
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Alternative Polymers
Although Nafion® is the predominate polymer used in fuel cell membranes, other
polymers have been investigated. These polymers include but are not limited to, styrene,
imide, and phosphazene ionomers.
Styrene Ionomers
Styrene monomers have been o f interest as possible m embranes for fuel cells
because they are widely available and easily modified. In addition, styrene ionomers are
easily synthesized either via polym erization techniques or conventional free radicals [66].
Currently, tw o styrene ionomers have been made semi-commercial: Ballard Advanced
Materials (BAM ) membranes and sulfonated styrene-ethylene-styrene (SEBS).

BAM

has shown a better performance in com parison to Nafion® at current densities higher than
0.6 A/cm2 [66]. Depicted in Figure 2.5 is the chemical structure for an SEBS polymer.
The pow er density o f Nafion® at 0.6 A/cm2 has been reported as 205 mW /cm2 [67]. The
major dow nside with BAM membranes is the cost o f the membranes.

The SEBS

membranes are less expensive than Nafion® but are only capable o f operating at
tem peratures up to 60°C [66].
W - C H 2CH ^C H 2CH ^ f ( C H 2CH2^ -f CH2CH

CH2C H ^C H 2CH

Et

Figure 2.5. Chemical structure for a SEBS Polymer [65].
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Arylene Ionomers
"S '

Arylene ionomers, com pared to Nafion , have shown the best chemical and
mechanical stability.
combined

with

Arylene ionomers have the added advantage that when they are

other

polymers,

forming

a

co-polym er,

hydrophobic/hydrophilic domain similar to Nafion®.

they

then

possess

a

The main disadvantage with

arylene ionomers is that some begin to swell and, in turn, lose their mechanical stability
[68].

It has been determined with polyether ether ketone (PEEK) that the proton
Meng et al.

conductivity and w ater uptake both increased with disulfonation [66].

investigated PEEK with phosphoric acid and found the proton conductivity to be 1O'5- 1O'6
S/cm [68], which is orders o f magnitude lower than Nafion® at 0.09-0.1 S/cm.

The

chemical structure o f a PEEK polymer is depicted in Figure 2.6.

J
‘^ °

\

\ 3 ~

/= \

°

/= \

°

Figure 2.6. Chemical structure for a PEEK polym er [25, 65, 68].
Imide Ionomers
There are tw o main imide ionomers:
napththalenic polyimides.

sulfonated phthalic polyim ides and

The sulfonated phthalic polyim ides degrade quickly when

incorporated in PEM s due to the hydrolysis o f the membrane [65].

Napththalenic

polyimides are more stable when incorporated in PEMs than the sulfonated phthalic
polyimides. The poor solubility o f the napththalenic polyimides hinders their membrane
formation and, subsequently, their incorporation into fuel cells [65]. A typical polyimide
is depicted in Figure 2.7 where R, R ’, and R" represent either one-three different
hydrocarbon groups.
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R
Figure 2.7. Chemical structure for linear polyimides [65].
Phosphazene Ionom ers
Phosphazene ionomers were originally used as elastom ers and then later as the
electrolytes in lithium batteries. The monomer for polyphosphazene is depicted in Figure
2.8, where Ri and R 2 represent hydrocarbon groups. These ionomers are attractive for
direct methanol fuel cells due to their thermal stability [66]. Sulfonated polyphosphazene
have shown high proton conductivity as well as a low methanol diffusion coefficient [69].
The main disadvantage for these membranes is the poor mechanical stability, especially
under hydration [66]. Allock et al. investigated phosphated phosphazene and found it to
produce proton conductivities o f 10'2-10'' S/cm, which is 10 tim es lower than Nafion®
[69].

It was also concluded that the methanol permeability w as 12 times lower than

Nafion® 117 and six tim es lower than that o f sulfonated phosphazene. If the mechanical
stability issues could be alleviated, phosphazene ionmers could be a viable alternative
membrane for fuel cells.

R-y
Figure 2.8. Chemical structure o f phozphazene [66, 69].
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Superacidic Sulfated Zirconia
Super Acids
Proton conductivity is directly related to the acid strength o f the membrane. The
acid strength can be enhanced by using a super acid. A super acid is defined as an acid
that is stronger than 100% sulfuric acid, H 2 SO 4 , by the Hamm ett acid strength, Ho= -1 2
[70-73]. The Hammett acid strength, Ho, is defined as the ability o f the surface to convert
an adsorbed neutral species into its conjugated acid [B],
^ a ^+ lo
»g
H0 = pK

W

<2 -5)

The H am m ett acid strength is judged by the pKa and the Ho o f the acid. The equilibrium
constant is the ratio o f products to reactants when the reaction is at equilibrium,
represented previously in Equation 2.1.
In Equation 2.5, [B] is the concentration o f the unprotonated base and [BH+] is the
concentration o f its conjugate acid. Ka and pKa are inversely related from Equation 2.1.
Strong acids will have a high Ka (and therefore a low pATa), while weak acids will have a
low Ka (and therefore a high pKa) [74],
Studies have shown that a number o f different metal oxides possess a high density
o f acid sites (especially sulfate ions) on their surfaces which can result in strong acids if
calcined between the tem peratures o f 400-700°C [72-73, 76-77]. A double bond between
the S = 0 is what causes the superacidic property in these compounds [71, 73].

This

increase in acid strength and super acidity should lead to an increase in proton
conductivity and, therefore, increased membrane performance.
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Sulfated Zirconia
Typically materials that have the characteristic o f high conductivity, such as
PSFAs, behave similar to solid superacids and possess a Ho < -1 1 .9 3 [27]. Nafion® has a
Ho= -1 2 , making it a super acid [43]. Sulfated zirconia has a Ho= -1 6 .0 3 , making it a

stronger super acid than N afion [27, 77-78]. The stronger acid strength should increase
the proton conductivity o f sulfated zirconia.
The proton conductivity for sulfated zirconia by itself w as reported by Hara and
2

*

•

M iyayama to be between 0.63 and 5.0x10' S/cm in the tem perature range o f 60-150°C
[27]. Zhai et al. fabricated and tested a sulfated zirconia/Nafion® composite membrane
and determ ined the proton conductivity to be 0.23 S/cm w hen operated over the
temperature range o f 105-135°C [78]. Nafion® when operated between the temperatures
o f 105-135°C produces a proton conductivity in the range o f 3.9* 10'2 to 4.65x 10'2 S/cm
[79-80], showing a decrease
temperatures.

in proton conductivity when operated at elevated

This trend is due to lower w ater retention and thereby a lower proton

conductivity in the membrane.

As such, sulfated zirconia membranes are capable o f

producing proton conductivities better than Nafion® and at higher temperatures due to
their super acidic properties [27, 78] and, thus, should provide an alternative fuel cell
membrane.
The properties o f sulfated zirconia depend greatly on the fabrication process [8182]. The main six factors that influence the acidity o f sulfated zirconia are as follows:
preparation

procedure-precursor,

calcination

tem perature

(typically

550-650°C),

sulfonation species, surface area, w ater content, and the crystalline phase o f the zirconia
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[81]. Sulfated zirconia possesses a high hydrophilicity enabling it to operate at higher
tem peratures [77].
For these reasons, sulfated zirconia was selected as the material to study as a fuel
cell membrane. In addition, this research explores the use o f porous alumina tem plates as
the structural support for the fabrication o f sulfated zirconia membranes, by the addition
o f sulfated zirconia via template wetting to the porous alumina template. The pore size
was controlled by applying multiple coatings o f sulfated zirconia solution to the
membrane. The proton conductivity is tested with EIS and the crossover via pH
m easurem ents and cyclic voltammetry.
cell to show p roof o f concept.

M embranes are also tested in a miniature fuel

CH A PTER 3
EXPERIMENTAL METHODS
As noted in the previous chapter, proton conductivity in a number o f ceramic and
ceram ic/polym er com posite materials has been show n to correspond with surface acidity.
The most com monly studied ceramic materials in this literature have included clays as
well as ordinary metal oxides (e.g. silica, alumina, zirconia) and clays with relatively
mildly acidic surfaces [27, 52, 54, 59, 83]. The goal o f this w ork was to examine proton
conducting m embranes fabricated using a much stronger solid acid, sulfated zirconia
(SZ). Two different groups o f membranes were examined: porous alumina membranes
coated with various am ounts o f sulfated zirconia and sulfated zirconia membranes with
Nafion® filled pores.

The proton conductivity was determ ined using electrochemical

impedance spectroscopy (EIS). The diffusive flux o f tw o common liquid fuels for fuel
cells was determ ined using a perm eation cell and measuring the change in concentration
o f w ater over time.

The membrane fabrication and evaluation procedures will be

discussed in greater detail in the rem ainder o f this chapter.
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Sulfated Zirconia Based Membrane Fabrication
The membranes examined were fabricated using a process known as "template
wetting", which uses surface tension to draw a solution into a porous substrate to coat the
pore walls. This process is depicted in Figure 3.1. Porous alumina membranes (W hatman
Anodisc™ , 20 nm nominal pore diameter, 60 pm thick, 13 mm diameter) served as the
template for this process and as a scaffold for the composite proton exchange membrane
(PEM ) that were made. Similar membranes have been used as tem plate membranes for
other fuel cell m em brane alternatives [51-52]. Among the reasons porous alumina was
attractive were its relative homogeneity, reproducible uniform ity, straight pores and high
surface energy. The latter quality is a prerequisite for the fabrication process [84]. The
porous alumina membranes, surface areas equal to 2.68 cm2, were coated with 40 pL o f
a solution containing equal parts by weight o f am m onium hydroxide (Sigma Aldrich 28%
NH 3 in water, 99.99+% ) and zirconyl nitrate hydrate (Sigm a Aldrich, tech grade)
depicted in part A o f Figure 3.1. The coated membranes were then baked for 1 hour at
100°C in air converting the zirconyl nitrate into zirconium dioxide, depicted in part B o f
Figure 3.1 [85], This coating process was repeated up to eight more times to further
reduce the pore size. The am ount o f ammonium sulfate needed to sulfate the zirconia
was determ ined by calculating the volume per pore using the dim ensions given from the
m anufacture’s website. This calculation was done by assuming the pore was a cylinder
and using the formula for volume o f a cylinder in Equation 3.1
TT X

h(router

d in n e r)

^ p o re -

( 3 .1 )
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Using the values given, Equation 3.1 becomes Equation 3.2
u x 0 .0 0 6 cm (2 x 1 0 -6 cm 2 — 2 x 1 0 -7 cm 2) = 1.74 x 1 0 -14cm 3.

(3.2)

The number o f pores was calculated by multiplying the pore density by the area o f the
template. The number o f pores was determined by using Equation 3.3.
n u m b e r of p o re s = p o re d en sity x rt x wafer2-

(3.3)

Substituting the given values into Equation 3.3, the expression becomes Equation 3.4
with the final value as the number o f pores
1 x 1 0 11 x tt x (0 .6 5 c m -2 ) 2 = 1.3 x 1 0 11.

(3.4)

The total volum e o f the tem plate could be calculated by multiplying together the
volume per pore by the number o f pores (7.4* 10'14cm3x l.3 x 1011). Since 1 cm3= l mL the
required volum e needed to sulfate the membrane was 40 pL o f 0 .0 1M aqueous
ammonium sulfate (Sigma Aldrich, 99.999% ) depicted in block C o f Figure 3.1.

A

quantity o f 40 pL should coat the zirconia pore walls 4 nm thick along the entire length
o f the pore.

After the solution was pipetted onto the surface o f the porous alumina

membrane, it was allowed to evaporate in air until dry.

The membranes were then

calcined at 500°C in air for 2.5 hours, as proposed by Jin et al., and can be seen in the
final block o f Figure 3.1 [85]. Average pore size as a function o f the number o f zirconia
coatings was evaluated using SEM photos in conjunction with ImageJ® software [86].
Assuming a circular pore diameter, the contrast between the dark regions, empty pores,
and the light regions, full o f sulfated zirconia, was used by the software to identify and
determine the area o f the pores which, was statistically averaged [86].
In addition to the sulfated zirconia membranes o f various pore sizes, a set o f
composite membranes were fabricated and evaluated.

The com posite membrane
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consisted o f sulfated zirconia membranes with Nafion® filled pores. Forty microliters o f
a 5% weight Nafion® solution (5 wt.%, 1100 EW, Solution Technology, Inc.) in a
mixture o f lower aliphatic alcohols and w ater was used to impregnate the pores. This
solution consisted o f 5% by weight o f Nafion® in a mixture o f lower aliphatic alcohols
and water. The solvent was allowed to evaporate in air overnight prior to evaluation.

>rous alumina
Zirconia Coated Pores

irous alumina
■m w i m a

Sulfated Zirconia Coated Pores

>rous alumina

Figure 3.1. Tem plate wetting procedure used for sulfated zirconia membranes-a)
w etting o f porous alumina with zirconyl nitrate solution, b) porous alumina with
zirconia coated pores, c) wetting o f zirconia coated pores with am m onium sulfate, d)
sulfated zirconia coated pores.

Scanning Electron Microscopy
To ensure the sulfated zirconia membranes were indeed coating the porous
alumina membranes and filling the pores, SEM (AMRAY 1830) images were taken o f
porous alumina membranes and sulfated zirconia membranes.
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Fourier Transform Infrared (FTIR) Spectroscopy
In order to determine the extent o f sulfonation o f the alum ina membranes, fourier
transform infrared (FTIR) transm ittance spectra were obtained (Thermo Nicolet Nexus
470 FTIR) by mounting the SZ membranes in a special in-house fabricated Teflon®
holder as depicted in Figure 3.2.
background subtraction.

Untreated alumina m embranes were used for the

The vibrational bands o f interest are the sulfonate S -0

stretching bands in the ranges o f 1260- 1225cm'1 and 1040-1060cm '1[90-91].

FTIR Holder

Figure 3.2. FTIR sample container. The white pieces were permanently kept in
the FTIR. The membranes were placed in the sample holder (black rectangle in
schematic) for experiments.
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Impedance Spectroscopy
Impedance spectroscopy is a characterization tool capable o f determining various
parts associated with fuel cell operations. It can be used with a large range o f different
materials, such as: polymers, nanoceramics and electroceram ics [93]. For this work, the
proton conductivity o f the membranes was measured via electrochemical impedance
spectroscopy (EIS) in a two electrode cell, as depicted in Figure 3.3, with a Gamry PC 14
potentiostat over a frequency range o f l O' - l O 6 Hz. Both two electrode and four electrode
cells are com m on in EIS. The tw o electrode cell is less com plicated and easier to manage
than the four electrode cell. The four electrode cell also uses an extra electrode to act as a
test electrode and is mainly used for larger cells. Due to these reasons, the two electrode
cell was used for the experiments. The electrodes were constructed from gold mesh and
were held in contact with the membrane (represented by the black disc) in a Teflon®
com pression cell, depicted in Figure 3.4. The membranes were wetted via micropipette
with 1 mL o f 0.1 M H 2 SO 4 (GFS Chemicals, Veritas Double Distilled, aqueous) during
testing to ensure the membranes were fully hydrated.

W orking
Electrode
Counter
Electrode

Figure 3.3. Two electrode system from EIS.
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T eflon Cell
4Q 038!§ESB^

Gold M esh Electrode

Figure 3.4. Teflon® com pression cell used for proton conductivity measurements.

The basis o f impedance spectroscopy is that the different parts involved with a
fuel cell (heat transfer, electron/proton transport, water/gas m ass-transport, and the
electrochemical reactions at the electrodes) operate on a different characteristic time scale
[94].

The EIS measurement tool applies an alternating voltage signal to the sample.

When this occurs, the current response (in term s o f am plitude and phase shift) to the
voltage is dependent on the relaxation time and, thus, the perturbation frequency [94],
Complex impedance can be w ritten as the quotient o f the voltage with the corresponding
current response that occurs over a frequency range producing an impedance spectrum.
From the impedance spectrum, each o f the com ponents o f the fuel cell mentioned above
can be separated and modeled mathematically.
O hm ’s Law states that the ratio o f the applied voltage (V) to the current flow (I)
through some material is the resistance (R) o f that material (R=V /I).

This law only

applies to the direct current (DC) or to an alternating current (AC) which is in phase [95].
In non-ideal situations, a com plex impedance is present with a phase shift between the
AC potential and the AC current. Analogous to O hm ’s law, the complex impedance, Z,
is defined as the ratio o f voltage to current, Z=V/I in a non-ideal, AC system [95]. The
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impedance can be displayed as a vector comprised o f an in-phase or real contribution, Z',
combined with an out-of-phase or imaginary contribution, Z ”, as depicted in Figure 3.5.
The total impedance (Z) is the absolute value o f the length o f the vector between the real
and the imaginary impedances. The angle between the vector and the axis is known as
the "phase shift" (0 ) [95].

r

(Q )

m

Z'(fi)

Figure 3.5. Vector form o f the impedance.

In an AC system, the voltage can be expressed as a function o f time, E(t):
E ( t) = E0 co s(a)t),

(3.4)

where Eo is the amplitude o f the signal and oo is the angular frequency o f the applied
voltage. The relationship between radians and frequency is expressed by:
co = 2ttf.

(3.5)

A time-dependent voltage is applied, resulting in a time-dependent current represented by
Equation 3.6:
I(t) = Iq cos(oot — 0 ),

(3.6)
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where I(t) is the time dependent current, E(t) time dependent applied voltage, 0 is the
phase angle, and lo the amplitude o f the current. The impedance, as previously noted, is
the ratio o f applied voltage to current,
E (t) cos (tot)
l(t)

(3.7)

0 cos (cot — 21) ’

Alternatively, the impedance (Z) in terms o f its real (Z ’) and imaginary (Z”) com ponents
expressed as
Z = Z' + iZ"

(3.8)

where i=V—1.
For the purpose o f this work, impedance spectroscopy w as done by applying a
sinusoidal voltage or current at a steady state value and measuring the resulting current or
voltage with the corresponding phase angle [96-97]. The most com mon representations o f
impedance data (a frequency response to the system) are Nyquist plots (example depicted
in Figure 3.6) and Bode plots (example depicted in Figure 3.7). Nyquist plots show the
real impedance on the x-axis versus the imaginary impedance on the y-axis. In doing so,
the Nyquist plot shows the frequency response o f the system. The Bode plots represents
the log o f the m agnitude o f the impedance (ZModuius) and the phase shift versus the log o f
the frequency. Since the Bode plot is constructed as a log-Iog plot, a greater am ount o f
data is possible o f being viewed at one time.

Both types o f plots can be used to

determine the proton conductivity because the resistance can be obtained from either plot.
The information needed from the plots is when the data is at the high frequency. This
high frequency occurs at different points on the two plots.

On the Nyquist plot, the

resistance is obtained from the x-axis at the x-intercepts (where the graph crosses the xaxis). If the graph crosses the x-axis once, that is the total resistance to be used. If the
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graph crosses the x-axis, as depicted in Figure 3.6, the resistance is the difference o f the
second x-intercept and the first intercept. When exam ining the Bode plots, the resistance
data to be used is gathered from the Frequency vs. Z\iod curve, the solid black curve in
Figure 3.7.

The high frequency can be found when the Frequency vs. Z mo<j curve

plateaus. An average resistance can be gathered along the plateau.
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Figure 3.6. Schematic o f a N yquist plot. The resistance o f the membrane is determined
by subtracting the resistance from both occurrences o f the plot crossing the x-axis.
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Figure 3.7. Schematic o f a Bode plot. The resistance o f the membrane is determined by
reading the ZModuius at the high frequency, the plateau o f the solid line.
From the impedance spectrum, the proton conductivity can be calculated by using
either the Bode or Nyquist plots and obtaining the impedance, Z, at the high frequency
limit, where the imaginary contributions are negligible and the resistance is that o f the
electrolyte membrane. Proton conductivity is defined mathematically as:
D_
RA

(3.9)

where R is the resistance determined at the high frequency limit o f the impedance in the
experimental data, D is the thickness o f the membrane and A is the area o f the electrode
[97]. As mentioned previously, the R value is the value determined from either the Bode
(Freq. vs ZMod curve) or Nyquist (x-intercept(s)) plots.

Diffusive C ro sso v er Flux
Permeation o f liquid fuel through a membrane will occur through one or more o f
the following ways: pressure gradients (Pa/m), electro-osmosis, or concentration
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gradients [37-38, 98]. Pressure gradients are typically small in direct liquid fuel cells as
they are the result primarily o f the head o f fluid in the fuel reservoir, and their
contribution to crossover can thus be neglected.
Electro-osmotic flux, EOF, occurs when a solid surface com es in contact with an
electrolyte solution, causing an electrical charge to build up at the interface. Once an
electrical field is applied to the charged surface, the fluid is subject to a Coulomb force.
This Coulom bic force moves the fluid and is known as "electro-osmotic flow" [99-102].
Glass and silica based surfaces are exam ples o f surfaces where EOF typically occurs

[ 100].
Debye length is defined as the length that a mobile charge carrier can travel.
Typical solution Debye lengths are 1O'9- 10-6 m [103-104]. Electro-osmotic flux, N w,drag
(mol/cm2s) is described as:
m

-5 & L

™w,drag ~

p

<3-10)

where j is the cell current density (A /cm 2), ^(A.) is a function o f w ater content within the
membrane, and F is the Faraday constant.
It has been found there is a non-linear relationship between electro-osmotic flow
and pore size.

As pore size increases, so does electro-osmotic flow [105]. It has also

been determ ined that the fluid motion on the charge can be neglected when one or both o f
the following occur: when the Debye length or the fluid velocity is small [101]. For the
current work, the pore size (-1 0 -1 5nm) will be insignificant due to the multiple coatings
applied to membranes, thus minimizing the electro-osmotic flow. The Debye length,
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(3.11)

ER£ 0 k B T

A-D

2 e 2 NAl

was calculated to ensure that the EOF could be neglected.

The variables and their

constant values are identified in Table 3.1.
Table 3.1. Constants for Debye Equation.
Constant

Symbol

Known Value

Units

Debye thickness

^-D

-

m

Dielectric
Constant o f
Electrolyte

£r

Formic Acid58.5
MeOH-33

-

106

Permittivity o f
Free Space

So

8.854*1 O'12

F/m

107-108

Boltzmann
constant

kB

1.38* 10'23

J/K

107-109

Tem perature

T

298.15

K

Constant

Symbol

Known Value

Units

Reference

Avogadro's
N um ber

Na

6.022* 1023

m o l'1

107-109

Elementary
Charge

E

1.6*10'19

C

107-108

M olarity o f
Solution

I

5

M

Reference

It was concluded the Debye length using formic acid and methanol was 1.66*10'lom and
1.25*lO 'lom, respectively.

This calculation puts both lengths smaller than the typical

range o f electrolyte Debye lengths, thus verifying the exclusion o f the EOF from
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diffusion calculations and shifting the focus to only the concentration gradients for the
purpose o f this work.
Fick’s First Law o f Diffusion relates the diffusive flux to a concentration gradient
through some area,

I ~ d £dx

(3I2>

an important concept for permeation testing.

The notation for J is the diffusive flux

(mol/m2s), D is the diffusion coefficient or diffusivity (m 2/s), C is the concentration
(m ol/m 3), and x is the direction o f the diffusion. It states that mass flows from areas o f
high to low concentrations. The relationship between the concentration gradient and the
concentration profile creates a slope where the diffusive flux can be evaluated. Once the
slope is determined, it is then divided by the area o f the membrane to evaluate the
diffusive flux.
The diffusive flux o f methanol and formic acid through fuel cell membranes was
evaluated using a perm eation cell, depicted in Figure 3.8, along with the entire diffusion
experimental set-up.

During these evaluations, formic acid concentrations were

determined with a pH meter, while methanol concentrations w ere determined with cyclic
voltammetry, to be discussed later.
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Glass Fuel
Reservoirs

Platinum
Electrodes

M embrane
Figure 3.8. Diffusion experiment set-up: Permeation cell with membrane is between two
glass L-shaped tubes used as fuel reservoirs.

For formic acid, the permeation cell was filled w ith DI w ater on one side and an
aqueous solution o f 1M or 5M formic acid (GFS Chemicals, 88% Veritas double
distilled) on the other. The two liquids were separated by the membrane.

The entire

diffusion experimental set-up is depicted in Figure 3.8.
Formic acid has been reported to be tested either in intervals o f 5M from 1-20M
or at one specific concentration (i.e. 1M or 5M). The concentrations o f 1M and 5M were
chosen because they were found within the majority o f the ranges reported [42-43, 54].
The pH on the w ater side was measured as a function o f time using a Hanna 8424 pH
meter and then converted into the molarity o f protons, [H+],

[H+] = 10"PH.

(3.13)
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The molarity o f formic acid was then calculated from the known Ka value o f formic acid,
1.77x 10-4 [74, 110], and the calculated molarity o f protons:

[HCOOH] = [H+] + ^ - L .

(3’l4)

The next step was to calculate the value o f N, the number o f moles that permeate through
the membrane,
N = [HCOOH] XV,
using the known volume, V, and the molarity o f formic acid.

(3.15)
The number o f moles

permeated is plotted vs. time and fitted to a line, where the slope is then related to the
concentration gradient.

Crossover Flux by Cyclic Voltammetrv
Cyclic voltammetry (CV) is a com m on tool used to study electrochemical
reactions [111-112], and can be used to determine concentrations in solution by
measuring the height o f the reduction o r oxidation current wave.
Cyclic voltammetry is typically performed using a three-electrode cell comprised
o f a working, a counter (or auxiliary) and a reference electrode. In the simplest form o f
cyclic voltammetry, the potential at the working electrode is varied linearly from the
initial to a chosen final potential. Once at the final potential, it is then linearly varied
back dow n to the initial potential.

The com plete scan from initial-final-initial can be

repeated as many tim es as necessary, with the sweep usually returning to the initial
potential at the end o f each sweep.

This repetition o f sweeps forms the triangular

waveform as depicted in Figure 3.9. The initial potential is chosen to ensure the species
is neither being oxidized nor reduced at the starting time [111].

46
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Figure 3.9. Triangular potential waveform [111].
From the scanned potential, the resulting current is plotted vs. the potential and is
displayed as a cyclic voltammogram, as depicted in Figure 3.10, where the magnitude o f
the current is proportional to the concentration o f the electroactive species when the scan
rate is held constant [111-112].

O xidation Peak

U
Reduction
Peak

CD

final

Potential (E)

initial

Figure 3.10. Typical cyclic voltamm etry curve [111].
Different sets o f information can be obtained from the voltagram. There are two
types o f w aves that occur at with peaks at particular potentials: the reduction wave and
the oxidation wave. The reduction peak is the lower peak on the voltagram and forms
during the cathodic sweep when the metal ions are reduced. The second peak that forms
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is the oxidation peak, which forms at the top o f the voltagram during the anodic sweep.
The oxidation peak occurs when the reduced species are re-oxidized.
For the course o f this work, cyclic voltam m etry was used to evaluate the diffusive
flux o f methanol through the sulfated zirconia membranes using a Gamry PCM
potentiostat. The previously used permeation cell set-up (see Figure 3.8) was recycled
and used with the modifications o f0 .5 M sulfuric acid on one side o f the membrane and a
30 mL solution o f 5M methanol with 0.5M H 2 SO4 on the other. Three electrodes were
connected to the permeation cell to gather the cyclic voltammetry data for the program.
Three electrodes were used for the CV: working-platinum , counter-platinum and
reference-Ag/AgCl.

Cyclic voltammetry w as run at a scan rate o f 100 mV/s on the pure

sulfuric acid solution on the left side o f the membrane to determine the am ount o f
methanol that had diffused through the membrane.

The scans started at an initial

potential o f -0.4mV and ended at a final potential o f 1V. Then the scan started in reverse,
starting at IV and ending at -0.4mV. Voltagrams were taken every hour for four hours.
After four hours the solutions were expected to reach equilibrium, as indicated by Sahn et
al. [41]. After four hours, the diffusive flux was calculated from the methanol oxidation
peak on the cyclic voltagram using the m ethod described below. The procedure for this
experiment was adapted from a previous experim ent by Sahn et al. [41].
The peaks formed by the CV are caused by the diffusion layer around the surface
o f the electrode.

The peaks correspond to the methanol oxidation and can be used to

determine the peak heights needed for the calculations. The first piece o f information
required is the peak heights. The peak heights relate to the current density. In order to
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determine this value, the peak height needs to be divided by the area o f the electrode, A
(cm2). Using Faraday's Law the diffusive flux:
,

_

him

(3.16)

]ab ~ ^ v f
is determ ined where J ab is the diffusive flux (mole/cm2s), /|jm is the current density
(A/cm2), n is the number o f electrons (1 for methanol), and F is Faraday's constant
(96,485 C/mol).
In addition to the diffusive flux and the current density, the pow er density may
also be determ ined for the membranes from the information given. Power density is the
amount o f pow er per unit volume.

With the voltage and current density o f the

membranes known, the next value to determine is the pow er density:
V x him
1

(3.17)

where P is the power density (W /m 3) and 1 is the length (cm). Due to the measured units
being in centim eters and the calculated pow er typically given in m3, a conversion
between the tw o must be completed for the final unit o f meters cubed.

All th re e -

diffusive flux, pow er density, and current density— can then be compared to
corresponding Nafion® values.

Fuel Cell Current-Voltage Testing
For basic fuel cell testing, the membrane is combined w ith electrodes to form the
membrane electrode assembly, MEA. For fuel cell testing there are two different curves
that are o f interest: the current vs. voltage curve and the pow er curve. Each curve might
vary in quantity, but it should take a particular shape, as depicted in Figure 3.11. Curve 1
(solid line) is the current density vs. voltage curve and should show a decrease in voltage
as the current density increases. Curve 2 (dashed line) is the pow er curve and resembles
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a parabola. Each curve is affected by internal resistances, tem perature, and the materials
that are used for the electrodes [113]. Irreversible losses (polarization, overpotential, or
overvoltage) in an actual cell create the cell potential to decrease from the ideal
equilibrium potential (starting potential).

These losses originate from one o f three

different sources: 1) ohmic polarization, 2) activation polarization, o r 3) concentration
polarization [114]. The ohmic polarization (or the resistance loss) shows a loss over the
entire current range, meaning it varies directly with the current [114].

This ohmic

polarization occurs because o f the resistance to the electron flow in the cathode and
anode o f the fuel cell.
Legend:
Solid Line: Current
vs. Voltage
Dashed Line:
Current vs. Power
Voltage

Power

Current Density

Figure 3.11. Characteristic curves for current density and pow er (solid line=current
density vs. voltage; dashed line=power curve-).

Ohmic polarization is the most common o f the three types o f losses.

The

activation polarization, or loss due to the reaction rate, is caused by the activation energy
o f the reactions at the electrodes [114]. The activation energy is the minimum kinetic
energy required by molecules in a collision to result in a reaction [74]. In other words,
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activation energy is the main loss attributed to the reaction rate, and in turn, the activation
polarization.

This

loss

occurs

primarily

because

initially

the

chemical

processes/reactions have not started when the fuel cell is set in motion. When the current
density is low, the activation polarization is the dominate force o f loss. Concentration
polarization is the transport related loss in the system, w hich is strongly dependent on the
current density [115]. This type o f polarization occurs due to a build-up o f particles at
the surface o f the membrane which prevent the flow o f fuel through the membrane.
Approaches to minimize the concentration polarization include membrane selection, low
concentrations, low pressure differential, and to maintaining flow across the membrane.
Sulfated zirconia membranes that had been coated three times were tested in a
micro fuel cell depicted in Figure 3.12. A catalyst ink o f 40pL o f 1 mg/cm2 o f platinum
black (Hi-SPEC 1000, Alfa Aesar) with 5 weight percent o f Nafion® (5% 1100 EW,
Solution Technology Inc.) was applied to each side o f the sulfated zirconia/alumina
composite membrane to form a membrane electrode assembly, MEA.

The current

collectors used for the device were aluminum grids. Each o f these com ponents were held
together with a Teflon® com pression cell that also contained a fuel reservoir.

aluminum grid current collectors

Figure 3.12. Schematic o f the micro fuel cell used for testing.

The tests for the micro fuel cell were completed using 1M formic acid (GFS
Chemicals, 88% Veritas double distilled). The current collectors were connected to a DC
power supply and a 50Q variable resistor. At every resistance (1-50 £2), the voltage and
current were measured and recorded.

CH A PTER 4
SULFATED ZIRCONIA AS A MEMBRANE FOR
FORMIC ACID AND DIRECT METHANOL FUEL CELLS
Results and Discussion
Scanning Electron Microscopy
It was believed that with additional coatings o f zirconia on the porous alumina,
that the pores o f the tem plate would eventually fill up and thus aid in lowering the
crossover flux. A hindered pore diffusion calculation,
DHp = Dfa

(4.1)

was used w here D hp is the diffusion through the hindered pore, D fa (m2/s) is the
diffusivity o f formic acid, Fi(cp) and F 2 (cp) are correction factors as functions o f the
reduced pore diameter, <p is the reduced pore diam eter [116] The reduced pore diameter,

<P

d FA

(4.2)

dpore

is a ratio o f the solute molecular diam eter and the pore diameter. The first correctional
factor, Fi(tp) is defined as:
„ , A

w(dpore
♦pore - d p A) 2

FiGv ) = ---- — — 2---ndpore
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(4.3)
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where dpore is the diam eter o f the pore (nm) and dFA is the diam eter o f a formic acid
molecule (nm).

If the reduced pore diameter is between 0-0.6 the second correction

factor, F2(cp) becomes:
F2 Op) = 1 - 2.104^ + 2.09„3 - 0 . 9 5 ^ .

(4.4)

Using the described equations the hindered pore diffusion was predicted to be
approxim ately 7.69><1 O'8 m2/s (7.69x10^ cm2/s).
If the pore diam eter was decreased, the diffusive flux should decrease as well. To
determine the pore size as a function o f the num ber o f coatings, scanning electron
microscopy (SEM ) imaging was conducted on the different number o f coatings (1-9).
Figure 4.1 shows four different SEM images o f the porous alumina membranes
with increasing am ounts o f sulfated zirconia coatings. The first o f the SEM images is o f
a blank porous alumina membrane prior to any coatings.

The second and third SEM

images are sulfated zirconia membranes with five and eight coatings respectively. Both
o f these images show the different degrees o f the pores being clogged.

With the five

coatings it can be seen that the pores w ere partially filled; whereas, with the eight
coatings, the pores were mostly all filled. The last SEM image is a final sulfated zirconia
membrane with the maximum number o f coatings used (9 coatings), as seen the pores are
com pletely filled. Visual inspection o f the four different SEM images determined with
each sequential num ber o f sulfated zirconia coatings, the alumina pores were decreasing
in diam eter. This observation is confirmed w ith Figure 4.2, a graph showing the average
pore diameter determined by ImagPro vs. the number o f sulfated zirconia coatings.
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Figure 4.1. SEM o f A) blank porous alumina membrane (com pletely open), B) sulfated
zirconia membrane with 5 coatings (partially filled), C) sulfated zirconia membrane with
8 coatings (mostly filled pores), and D) sulfated zirconia membrane with 9 coatings
(completely filled).
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Fourier Transform Infrared Spectroscopy
The FTIR transm ission spectra o f the sulfated zirconia membranes are shown in
Figure 4.3.

The bands at 1240cm '1 and 1040-1060cm'' match well with the literature

values o f 1260-1225cm '1 and 1040-1060cm '1for the sulfonate S-O vibration.
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Figure 4.3. Spectrum o f sulfated zirconia m embranes with 5 coatings.
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P ro to n C on d u ctiv ity
Using the high frequency limit, where imaginary contributions are negligible, for
the impedance spectrum the conductivity was calculated for the different number o f
coatings o f zirconia and is depicted in Figure 4.4 with a com parison measurem ent o f
Nation®.
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Figure 4.4. Comparison o f the proton conductivities vs. the num ber o f coatings o f
sulfated zirconia and Nafion® membranes.
The value measured for Nafion® was 0.035 S/cm, comparable to typical values
found in the literature (0.05 S/cm) [54, 80]. As expected, proton conductivity decreased
as the number o f zirconia coatings increased and, hence the pore size decreased. A three
orders o f magnitude increase was observed from the blank porous alumina membrane,
0.00006 S/cm, to that o f a coated sulfated zirconia membrane, 0.016 S/cm. The sulfated
zirconia/porous alumina membrane was still lower than the Nafion®, but it should be the
sulfated zirconia outperform ed the Nafion® membranes for the membranes with the least
number o f coatings, depicted in Figure 4.5.
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Figure 4.5. Comparison o f the proton conductivities vs. the number o f coatings o f
sulfated zirconia and Nafion® membranes normalized for membrane thickness.

A com parison o f N afion

and w afers with different coatings o f sulfated

zirconia/Nafion® was conducted in regards to the conductivity. The results are depicted
in Figure 4.6. The value used for Nafion® was 0.05 S/cm [80] and is represented by the
solid line in Figures 4.6 and 4.7.

As expected, proton conductivity decreased as the

number o f zirconia coatings increased and, hence, the pore size decreased. The uncoated
membrane

with

Nafion®

measured

at

0.0004

S/cm;

zirconia/Nafion® proton conductivity was 0.0003 S/cm.

whereas,

the

sulfated

It can be seen that the

conductivities were similar w hether the Nafion® was added to the blank porous alumina
or the sulfated zirconia. The sulfated zirconia/Nafion® membrane was still lower than the
Nafion®, but it should also be noted that they w ere less than h alf as thick as the Nafion®
membranes. When the thickness was taken into account, Nafion® still outperform ed the
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sulfated zirconia/Nafion

membranes. The results o f the values based on thickness for

the sulfated zirconia/Nafion® membranes and Nafion® are depicted in Figure 4.7.
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Figure 4.6. Comparison o f the proton conductivities vs. the num ber o f coatings o f
sulfated zirconia/Nafion® and Nafion® membranes.
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In com parison to the sulfated zirconia/porous alum ina membranes, the sulfated
zirconia/Nafion® com posite membranes possessed a lower conductivity than the sulfated
zirconia membranes. Figure 4.8 depicts the difference between the proton conductivities
o f the tw o different membranes. As seen in the graph, the sulfated zirconia membranes
possessed far superior proton conductivity than the com posite membrane o f sulfated
zirconia/Nafion®.
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Figure 4.8. Comparison o f the proton conductivities vs. the number o f coatings o f
SZ/porous alumina and SZ/Nafion® com posite membranes.

F o rm ic A cid D iffusive F lu x
The next param eter tested was the formic acid diffusive flux.

The diffusion

through the membrane was tested using a sim ple perm eation cell as described previously.
The effects o f electro-osmotic flow were neglected for the duration o f this study.

The

test was repeated for the different number o f coatings, and a com parison experiment was
also com pleted for Nafion®. Results for each o f the experiments are depicted in Figure
4.9.

It was found that the sulfated zirconia/porous alumina membranes

had
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approxim ately an order o f magnitude lower formic acid diffusive flux than Nafion®
membranes (7.22* 10'7 mols/cm2s) when coated with five coatings. Taking into account
the difference o f thickness in the two membranes, the flux for sulfated zirconia is on
magnitude o f 10'9 mols/cm2s, but Nafion® is 10'7 mols/cm2s, depicted in Figure 4.10.
This suggests improvement to the membrane since the sm aller the flux the less fuel will
leak through the membrane.
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Figure 4.9. Number o f coatings o f sulfated zirconia vs. formic acid diffusive flux.
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The diffusive flux tests were conducted on different coatings o f sulfated
zirconia/Nafion® membranes and com pared with Nafion® 117.

The results o f these

experiments are depicted in Figure 4.11.

It was found that sulfated zirconia/Nafion®

membranes perform ed similarly to N afion

117 excluding the membranes with the larger

number o f coatings.

Also included in Figure 4.11 is the same set o f results when

normalized for the membrane thickness as was previously done with the other set o f
membranes.
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Figure 4.11. Number o f coatings o f sulfated zirconia/Nafion® com posite membranes vs.
formic acid diffusive flux (the black points and the solid black line). The dashed line
with the grey markers represent the membranes normalized for thickness. The (T)
signifies the normalization for thickness.

The diffusive flux o f the sulfated zirconia/Nafion

membranes were com pared to

the diffusive flux o f the sulfated zirconia membranes. It was found that both types o f
membranes possessed a diffusive flux on the same order o f magnitude for almost all
membranes. Furthermore, it was concluded that both types o f membranes had about an
order o f magnitude lower diffusive flux in formic acid than ju st Nafion® alone.
results o f these com parisons are depicted in Figure 4.12.

The
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Figure 4.12. Comparison o f formic acid diffusive flux between sulfated zirconia/porous
alumina, Nafion® and sulfated zirconia/Nafion® membranes.

M eth an o l D iffusive Flux
The cyclic voltagrams were reviewed and the peak current, ip, and diffusive flux
w ere calculated from the peaks on the CVs seen in Figure 4.13.

The peaks correspond

to the methanol oxidation from the methanol plus sulfuric acid solution.
changed with the different amounts o f methanol that diffused.
calculated is the peak current.

The peaks

The first item to be

The peak current is determ ined from looking at the

individual cyclic voltagram and defining a baseline, as depicted in Figure 4.14 (the
horizontal line is the baseline). From the baseline, a vertical line is constructed to the
maximum peak. This vertical line can be measured and is defined as the peak current.

1.0E-07 -j

1 Coating
•3 Coatings
5 Coatings

1.0E-08
-0.5

0.5
Potential (V)

0.0

1.5

1.0

Figure 4.13. Cyclic voltagrams for each coating o f sulfated zirconia after 4 hours o f
methanol crossover. The arrow points to where the peaks were measured.
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Figure 4.14. Determining the peak current from a CV plot [117].

Once the peak current is determined, the current density is calculated by dividing
the value by the area o f the electrode, a known value from the experiment.

With the
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current density known, the diffusive flux can be calculated using Faraday's Law. This
calculation was com pleted for each o f the different number o f coatings for the sulfated
zirconia membranes.

From the calculation, it was observed that the diffusive fluxes

decreased, with the increasing number o f coatings, as expected. This finding reconfirms
the SEM images w hich showed the pores filling up with each consecutive coating o f
sulfated zirconia. The diffusive flux for all o f the different number o f coatings were on
the same order o f magnitude (10'9 S/cm) and showed an improvement over the reported
diffusive flux o f Nafion® (2.42x1 O'6 mols/cm2s), as depicted in Figure 4.15. Table 4.1
lists the values for each o f the membranes as well as Nafion® in order to better compare
them.
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Figure 4.15. N um ber o f coatings o f sulfated zirconia vs. methanol diffusive flux.
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Table 4.1. Numerical Values for the M ethanol Diffusive Fluxes o f the Different
Membranes.

M embrane

M ethanol Diffusive Flux

Nafion® 117

2.42x10^ mols/cm^s

SZ1

1.73x1 O'9 mols/cm2s

SZ3

1.78x10"9 mols/cm2s

SZ5

1.83 x 10‘9 mols/cm2s

Micro Fuel Cell
Sulfated zirconia membranes were incorporated into a micro fuel cell.

The

membranes used had three coatings o f zirconia on them. Since the fuel cell was just a
p roof o f concept, there was no optimization completed for the design o r performance.
The p ro o f o f concept proved positive since the micro fuel cell w as operational. Because
o f the lack o f optimization, the output power was quite low, in the form o f picowatts, yet
the micro fuel cell w orked and produced the expected shapes o f the current-voltage and
power curves, as depicted in Figures 4.16 and 4.17.
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CH A PTER 5
CONCLUSIONS
Conclusions
Sulfated zirconia membranes were successfully produced for PEMFC applications
via tem plate wetting, utilizing a porous alumina scaffold. The membranes were tested
with impedance spectroscopy and formic acid diffusive flux, tw o im portant tests for fuel
cells.

From this study, it was evident the surface acidity plays a major role in the proton

conductivity o f a membrane.

The sulfated zirconia membranes increased in proton

conductivity by three orders o f magnitude compared to that o f an uncoated porous
alumina membrane. The experimental sulfated zirconia membranes produced a proton
conductivity that was com parable to Nafion®.

In addition to the sim ilar proton

conductivities, the sulfated zirconia membranes were more effective than Nafion® against
formic acid diffusive flux.

The fabricated membranes produced a lower formic acid

diffusive flux than N afion . M ethanol diffusive flux was determ ined to be lower for the
experimental membrane than Nafion®.
Using the same tem plate wetting process, sulfated zirconia/Nafion® composite
membranes were fabricated and subjected to the same set o f tests: impedance
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spectroscopy and formic acid diffusive flux. The com posite membrane did not perform
as well as the first sulfated zirconia membrane. The proton conductivity was not as high
for the composite membrane. The formic acid diffusive flux was once again lower than
Nafion® though.
The sulfated zirconia membranes were incorporated successfully into a working
m iniature fuel cell, thus verifying their working feasibility. The com posite membrane o f
sulfated zirconia/Nafion® would not do well incorporated into a working miniature fuel
cell.

Future Work
Optimization o f Membrane
The sulfated zirconia membranes perform ed well and produced comparable
proton conductivities and diffusive fluxes. However, improvements can be made,
especially when it comes to proton conductivity, because the diffusive flux has already
surpassed that o f Nafion®.
There are a number o f param eters that change the proton conductivity o f sulfated
zirconia, one in particular would be the sulfating agent. The sulfating agent could be
altered to possibly increase the surface acidity o f the membrane. The same set o f tests
would be conducted with the addition o f surface acidity test to determine which agent
provides the greatest surface acidity.

Optimization of Fuel Cell
As was discussed in the previous chapters, the fuel cell used for the experiments was
just to determine proof o f concept. The fuel cell w as not optimized at all during the
course o f the experiments. To determine a better understanding o f performance, the
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sulfated zirconia membranes would be incorporated in a com mercial fuel cell, and the
fuel cell should undergo some optimization, such as the following:
•

enclosed fuel reservoir: constant fuel supply

•

enclosed device: prevent against contamination

•

better seals and gaskets: prevent against fuel leakage

•

different fuel concentrations: the higher the concentration the higher the power
available

•

different fuel flows: increases pressure drop to get rid o f excess w ater but also
creates a voltage loss

•

different structural material: better electrical and thermal conductivities but must
remain stable and materialistically strong as well as resistant to corrosion

Nanoparticles with Nafion®
Due to the successful results with the sulfated zirconia/Nafion® membranes, one
area that would be o f further interest, is Nafion® membranes impregnated with sulfated
zirconia nanoparticles. Currently, different sized sulfated zirconia nanoparticles have
been fabricated. These membranes would need to be tested using the same set o f tests:
impedance spectroscopy, formic acid crossover, methanol crossover, and miniature fuel
cell incorporation.

Sulfated Zirconia into Nafion®
Based on the literature and the current work, incorporating sulfated zirconia with
Nafion® should produce an increase in proton conductivity. The set o f performed
experiments with said materials did not show those results. To determine if the base
membrane has an effect on the proton conductivity, a set o f experiments in which
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Nafion® is used as the membrane and sulfated zirconia is impregnated/incorporated into
Nafion® should be conducted. The sol-gel method can be used to fabricate the
membranes. These membranes would need to be tested using the same set o f tests:
impedance spectroscopy, formic acid crossover, methanol crossover, and miniature fuel
cell incorporation. The Nafion®/sulfated zirconia membranes should also be more
mechanically stable than the sulfated zirconia/Nafion® membranes used in this current
work. Using Nafion® as the base for the composite membrane would provide the
mechanical stability since Nafion® is a stronger material than w hich the porous alumina
membranes the sulfated zirconia membranes are fabricated from.

REFERENCES
[1]

Larminie, J. Fuel Cell Systems Explained, New York, New York: John Wiley &
Sons, 2000.

[2]

Bogdan, G. and E. S. Smotkin. “M ethanol Crossover in Direct M ethanol Fuel
Cells: a Link Between Power and Energy D ensity,” Journal o f Power Sources,
vol. 112, 2002, pp. 339-352.

[3]

Liang, J.S., C. Liu, and L.J. Sun. “A Silicon Micro Direct M ethanol Fuel Cell
D em onstrator using Micro fabrication Techniques,” M aterials Science Forum, vol.
628-629, 2009, pp. 423-428.

[4]

Wang, X., H. J.M ., and I-M. Haing. “Electrochemical investigation o f formic acid
electro-oxidation and its crossover through Nafion® m em brane,” Journal o f
Electroanalytical Chemistry, vol. 562, 2004, pp. 73-80.

[5]

Barbir, F., P E M F u el Cells: Theory a n d Practice, San Diego, California: Elsevier
Academic Press, 2003.

[6]

Deluca, N. W. and A. E. Yossef, “Polymer Electrolyte M embranes for the Direct
M ethanol Fuel Cell: A Review,” Journal o f Polymer Science B: Polymer Physics,
vol. 44, 2006, pp. 2201-2225.

[7]

Perry, M.L. and T.F. Fuller. "A Historical Perspective o f Fuel Cell Technology in
the 20th Century," Journal o f the Electrochemical Society, vol. 149, 2002, pp.
S59-S67.

72

73
[8]

M cLean, G.F., T. Niet, S. Prince-Richard, and N. Djiali. “An assessm ent o f
alkaline fuel cell technology,” International Journal o f Hydrogen Energy, vol. 27,
2002, pp. 507-526.

[9]

Giilzow, E. “Alkaline fuel cells: a critical view,” Journal o f Power Sources, vol.
61, 1996, pp. 99-104.

[10]

Kordesch, K., V. Hacker, J. Gsellmann, M. Cifrain, G. Faleschini, P. Enzinger, R.
Fankhauser, M. Ortner, M.l M uhr and R. R. Aronson. “Alkaline fuel cells
applications,” Journal o f Power Sources, vol. 86, 2000, pp. 162-165.

[11]

Sammes, N., R. Bove, and K. Stahl. “ Phosphoric acid fuel cells: Fundamentals
and applications,” C urrent Opinion in Solid State and M aterials Science, vol. 8,
2004, pp. 372-278.

[12]

Ormerod, R. M. “Solid oxide fuel cells,” Chemical Society Review, vol. 32, 2003,
pp. 17-28.

[13]

Singhal, S.C. “Advances in solid oxide fuel cell technology,” Solid State Ionics,
vol. 135, 2000, pp 305-313.

[14]

Bullen, R.A., T.C. A m ot, J.B. Lakeman, and F.C. Walsh. “ Biofuel cells and their
developm ent,” Biosensors a n d Bioelectronic, vol. 21, 2006, pp. 2015-2045.

[15]

Davis, F. and S.P.J. Higson. “Biofuel cells-Recent advances and applications,”
Biosensors a n d Bioelectronics, vol. 22, 2007, pp. 1224-1235.

[16]

Barton, S. C., J. Gallaway, and P. Atanassov. “ Enzymatic Biofuel Cells for
Implantable and M icroscale Devices,” C hem ical Reviews, vol. 104, 2004, pp.
4867-4886.

74
[17]

Heller, A. "M iniature biofuel cells,” Physical Chemistry Chem ical Physics, vol.
6 , 2 0 0 4 , pp. 2 0 9 -2 1 6 .

[18]

Dicks, A. and A. Siddle. “Assessm ent o f commercial prospects o f molten
carbonate fuel cells,” Journal o f Power Sources, vol. 86, 2000, pp. 316-323.

[19]

Jung, D., S. Cho, D. Peck, D. Shin, and J. Kim. “Performance evaluation o f a
Nafion®/silicon oxide hybrid membrane for direct methanol fuel cell,” Journal o f
Power Sources, vol. 106, 2002, pp. 173-177.

[20]

Kreuer, K.D. “On the com plexity o f proton conduction phenom ena,” Solid State
Ionics, vol. 136-137, 2000, pp. 149-160.

[21]

Kreuer, K.D. “Fast proton conductivity: A phenomenon between the solid and the
liquid state,” Solid State Ionics, vol. 94, 1997, pp. 55-62.

[22]

Canovas,M ., I. Sobrados, J. Sanz, J. Acosta, and A. Linares. “Proton mobility in
hydrated sulfonated polystyrene N M R and impedance studies,” Journal o f
M em brane Science, vol. 280, 2006, pp. 461-469.

[23]

Eikerling, M., A. Komyshev, A. Kuznetzov, J. Ulstrup, and S. Walbran.
“ M echanisms o f Proton Conductance in Polymer Electrolyte M embranes,”
Journal o f Physical Chemistry, vol. 105, 2001, pp. 3646-3662.

[24]

Su, Y.H., Y.L. Liu, D.M. Wang, J.Y. Lai, M. Guiver, and B. Lui. “Increases in the
proton conductivity and selectivity o f proton exchange membranes for direct
methanol fuel cells by formation o f nanocomposites having proton conducting
channels,” Journal o f Power Sources, vol. 194, 2009, pp. 206-213.

75
[25]

Neburchilov, V., J. Martin, H. Wang, and J. Zhang. ‘‘A review o f polym er
electrolyte membranes for direct methanol fuel cells,” Journal o f Power Sources,
vol. 169, 2007, pp. 221-238.

[26]

Patel, R., J. T. Park, W. S. Lee, J. H. Kim, and B. R. Min. “Composite polym er
electrolyte membranes com prising P(VD F-co-CTFE)-g-PSSA graft copolymer
and zeolite for fuel cell applications,” Polymers Advanced Technologies, vol. 20,
2009, pp. 1146-1151.

[27]

Hara, S. and H. Miyayama, “Proton conductivity o f superacidic sulfated
zirconia,” Solid State Ionics, vol. 168, 2004, pp. 111-116.

[28]

Heitner-W irguin, C. “Recent advances in perfluorinated ionomer membranes:
structure, properties and applications,” Journal o f M embrane Science, vol. 120,
1996, pp. 1-33.

[29]

Bass, M., A. Berman, A. Singh, O. Konovalov, and V. Freger., “Surface Structure
o f Nafion® in V apor and Liquid,” Journal o f Physical Chemistry B, vol. 114,
2010, pp. 3784-3790.

[30]

Berg, P., K. Promislow, J. St. Pierre, J. Stumper and B. Wetton. “Water
M anagem ent in PEM Fuel Cells,” Journal o f The Electrochemical Society, vol.
151,2004, pp. A341-A353.

[31]

Chalaris, M. and J. Samios. “Hydrogen Bonding in Supercritical M ethanol: A
M olecular Dynamics Investigation,” Journal o f Physical Chemistry B, vol. 103,
1999, pp. 1161-1166.

[32]

Mizan, T. I., P. E. Savage, and R. M. ZifT., “Tem perature Dependence o f
Hydrogen Bonding in Supercritical W ater,” Journal o f Physical Chemistry, vol.
100, 1996, pp. 403-408.

[33]

M ountain, R. “M olecular Dynamics Investigation o f Expanded Water at Elevated
Tem peratures,” The Journal o f Chemical Physics, vol. 90, 1989, pp. 1866-1870.

[34]

Zhongwei, C., B. A. Holmberg, W. Li, X. Wang, W. Deng, R. Munoz, and Y.
Yan, “Nafion®/Zeolite Nanocom posite Membrane by in Situ Crystallization for a
Direct M ethanol Fuel Cell,” Chemical Materials, vol. 18, 2006, pp. 5669-5675.

[35]

Hill, J. W. and R. H. Petrucci. General Chemistry: A n Integrated Approach, 2nd
Ed. Prentice Hall, Upper Saddle River, New Jersey, 1999.

[36]

Bae, B., H. Ha, and D. Kim, “Nafion®-graft-polystyrene sulfonic acid membranes
for direct methanol fuel cells,” Journal o f M embrane Science, vol. 276, 2006, pp.
51-58.

[37]

Ren, X ., T. E. Springer, T. A. Zawodzinski, and S. Gottesfield. “M ethanol
Transport Through Nafion® Membranes: Electro-osmotic Drag Effects on
Potential Step M easurements,” Journal o f The Electrochemical Society, vol. 147,
2000, pp. 466-474.

[38]

Cruickshank, J. and K. Scott, “The degree and effect o f methanol crossover in the
direct methanol fuel cell,” Journal o f Power Sources, vol. 70, 1998, pp. 40-47.

[39]

Pivovar, B. S., Y. Wang, and E.L. Cussler. “Pervaporation membranes in direct
methanol fuel cells,” Journal o f M embrane Science, vol. 154, 1999, pp. 155-162.

77
[40]

Heinzel, A. and V.M. Barragan. “A review o f the state-of-the-art o f the methanol
crossover in direct methanol fuel cells,” Journal o f Power Sources, vol. 84, 1999,
pp.70-74.

[41]

Sahn, A.K., G. Selvarani, S. Pitchumani, P. Sridhar A. K. Shukla, N. Narayaman,
A. Banerjee, and N. Chandrakumar. “PVA-PSSA M embrane with
Interpenetrating N etw orks and its M ethanol Crossover Mitigating Effects in
DM FCs,” Journal o f the Electrochemical Society, vol. 155., 2008, pp. B686B695.

[42]

Rhee, Y. W., S. Y. Ha, and R. I. Masel. “C rossover o f formic acid through
Nafion® membranes,” Journal o f Power Sources, vol. 117, 2003, pp. 35-38.

[43]

Rice, C., S. Ha, R. Masel, P. Waszczuk, A. Wieckowski, and Tom Barnard,
“ Direct formic acid fuel cells,” Journal o f Power Sources, vol. I l l , 2002, pp. 8389.

[44]

Lui, F., G. Lu and C.Y. Wang. ’’Crossover o f M ethanol and Water Through Thin
M embranes in Direct M ethanol Fuel Cells,” Journal o f The Electrochemical
Society, vol. 153, 2006, A543-A553.

[45]

Choi, P., N. H. Jalani, and R. Datta., “Therm odynamics and Proton Transport in
Nafion®: III. Proton Transport in Nafion®/Sulfated ZrC>2 Nanocomposite
M embranes,” Journal o f The Electrochemical Society, vol. 152, 2005, pp.
A1548-A1554.

[46]

Yamaguchi, T., F. Miyata, and S. Nakao. “Pore -filling type polym er electrolyte
membranes for direct methanol fuel cell.” Journal o f M embrane Science, vol.
214, 2003, pg. 283-292.

[47]

Wang, X., J.M. Hu, and I.M. Hsing. “ Electrochemical investigation o f formica
acid electro-oxidation and its crossover through a Nafion® membrane,” Journal
o f Electroanalytical Chemistry, vol. 562, 2004, pp.73-80.

[48]

Rayment, C. Introduction to Fuel Cell Technology, University o f N otre Dame.
N otre Dame, IN. 2003.

[49]

Dimitrova, P., P.A. Friedrich, B. Vogt, and B.U. Stinuning., Journal o f
Electroanalytical Chemistry, vol.535, 2002, pp. 75-83.

[50]

Wang, C., E. Chalkova, C. Luta, M. Fedkin, S. Komarneni, T.C. M. Chung, and
S. Lvov, “Proton conductive inorganics for composite membranes in PEM fuel
cells,” EC S Transactions, vol. 280, 2006, pp. 461-469.

[51]

Inguanta, R., S. Piazza, and C. Sunseri, “Impedance spectroscopy characterization
o f functionalized alumina membranes,” Solid State Ionics, vol. 176, 2005, pp.
2887-2891.

[52]

Bocchetta, P., G. Chiavarotti, R. Masi, C. Sunseri, and F. DiQuarto, “N anoporous
alumina membranes filled with solid acid for thin film fuel cells at intermediate
tem peratures,” Electrochemistry Communications, vol. 6, 2004, pp. 923-928.

[53]

Gold, S., K-L. Chu, C. Lu, M. Shannon, and R. Masel, “Acid loaded porous
silicon as a proton exchange membrane for micro-fuel cells,” Journal o f Power
Sources, vol. 135, 2004, pp. 198-2003.

[54]

Canham, L. Properties o f Porous Silicon, London, England: Short Run Press,
1997.

79
[55]

Rhodes, C. J. '•Zeolites: Physical Aspects and Environmental Applications,”
A nnual Reports Program Chemistry: Section C, The Royal Society o f Chemistry,
vol. 103, 2007, pp. 287-325.

[56]

Baglio, V., A.S. Arico, A. Di Blasi, P.L. Antonucci, F. Nannetti, V. Tricoli, and
V. Antonucci, ‘‘Zeolite-based com posite membranes for high temperature direct
methanol fuel cells,” Journal o f A pplied Electrochemistry, vol. 35, 2005, pp. 207212.

[57]

Wang, Y., Z. Jiang, H. Li, and D. Yang, “Chitosan membranes filled by GPTM Smodified zeolite beta particles with low methanol perm eability for DM FC,”
Chemical Engineering and Processing: Process Intensification, vol. 49, 2010, pp.
278-285.

[58]

Jun, Y., P. Mu, and Y. Runzhang. “Nafion®/Silicon Oxide Composite M embrane
for High Tem perature Proton Exchange Membrane Fuel C ell,” Journal o f Wuhan
University o f Technology M aterials Science Education. Sept. 2007, pp.478-481.

[59]

Miyake, N., J.S. Wainright, and R.F. Savinell, “Evaluation o f Sol-Gel Derived
Nafion®/Silica Hybrid M embrane for Proton Electrolyte M embrane Fuel Cell
Applications: I. Proton Conductivity and Water Content”, Journal o f The
Electrochemical Society, vol. 148, 2001, A898-A904.

[60]

Vichi, F. M., M. T. Colomer, and M. A. Anderson, “Nanoporous Ceramic
M embranes as Novel Electrolytes for Proton Exchange M em branes,”
Electrochemical and Solid-State Letters, vol. 2, 1999, pp. 313-316.

[61]

Zhang, Y., H. Zhang, X. Zhu, and C. Bi. "Prom otion o f PEM Self-Humidifying
Effect by N ano meter-Sized Sulfated Zirconia-Supported Pt Catalyst Hybrid with
Sulfonated Poly (Ether Ether Ketone),” Journal o f Physical Chemistry, vol. I l l ,
2007, pp. 6391-6399.

[62]

Yang, T. “Composite M embrane o f sulfonated poly(ether ether ketone) and
sulfonated poly(vinyl alcohol) for use in direct methanol fuel cells,” Journal o f
M embrane Science, vol. 342, 2009, pp. 221-226.

[63]

Duangkaew, P. and J. W ootthikanokkhan. “M ethanol Permeability and Proton
Conductivity o f Direct M ethanol Fuel Cell M embranes Based on Sulfonated
Poly(vinyl alcohol)-Layered Silicate N anocom posites,” Journal o f A pplied
Polymer Science, vol. 109, 2008, pp. 452-458.

[64]

Rhee, C.H., H.K. Kim, H. Chang, and J.S. Lee. “Nafion®/Sulfonated
M ontmorillonite Composite: A New Concept Electrolyte Membrane for Direct
M ethanol Fuel Cell,” Chemical M aterials, vol. 17, 2005, pp. 1691-1697.

[65]

Hickner, M.A., H. Ghassemi, Y. S. Kim, B. R. Einsla and J. E. McGrath.
“Alternative Polymer Systems for Proton Exchange M em branes (PEM s),”
Chem ical Reviews, vol. 104, 2004, pp. 4587-4612.

[66]

Kerres, J. A. “Development o f Ionomer Membranes for Fuel Cells,” Journal o f
M embrane Science, vol. 185, 2001 pp. 3-27.

[67]

Yildrium, M. H., J. te Braake, H. Can Aran, D.F. Stamatialis, and M. Wessling.
Journal o f M embrane Science, vol. 349, 2010, pp. 231.

[68]

Meng, Y. Z., S.C. Tjong, A.S. Hay, and S. J.Wang. European Polymer Journal,
vol. 39, 2003, pp. 627.

[69]

Allock, H.R., M.A. Hofmann, C.M. Ambler, S.N. Lvov, X.Y. Zhou, E. Chalkova,
and J. Weston. Journal o f M embrane Science, vol. 201, 2002, pp. 47.

[70]

Yang, H., R. Lu, and L. Wang. "Study o f preparation and properties on solid
superacid sulfated titania-silica nanom aterials,” M aterials Letters, vol. 57, 2003,
pp. 1190-1196.

[71]

Sohn, J. R., and D. H.Seo. "Preparation o f new solid superacid catalyst,
zirconium sulfate supported on y -alum ina and activity for acid catalysis”
Catalysis Today, vol. 87, 2003, pp. 219-226.

[72]

Sohn, J. R., and J. S. Lim. "Catalytic properties o f NiS 0 4 /Zr 0 2 promoted with
Fe 2 0 3 for acid catalysis,” M aterials Research Bulletin, vol. 41, 2006, pp. 12251241.

[73]

Arata, K. “Preparation o f superacids by metal oxides for reactions o f butanes and
pentanes f A p p lied Catalysis A: General, vol. 146, 1996, pp. 3-32.

[74]

M cM urry, J., Organic Chemistry, Belmont, CA: Thomson, Brooks Cole, 2004.

[75]

Arata, K., M. Hino, and N. Yamagata, "Acidity and Catalytic Activity o f
Zirconium and Titanium Sulfates Heat-Treated at High Temperature. Solid
Superacid Catalysts,” Bulletin o f the Chemical Society o f Japan, vol. 63, pp. 244246.

[76]

Tanabe, K., M. Misono, Y. Ono, and H. Hattori, "N ew Solid Acids and Bases,”
N ew Solid A cids and Bases, Amsterdam: Elsevier Science, 1989, p. 185.

[77]

Suzuki, Y., A. Ishihara, S. M itsushima, N. Kamiya, and K. Ota, “Sulfatedzirconia as a support o f Pt catalyst for polymer electrolyte fuel cells,”
Electrochemical and Solid State Letters, vol. 10, 2007, pp. B105-B107.

[78]

Zhai, Y., H. Zhang, J. Hu, and B. Yi, "Preparation and characterization o f
sulfated zirconia (S 042-/Z r02)/N afion com posite membranes for PEMFC
operation at high temperature/low humidity,” Journal o f M embrane Science, vol.
280 ,2 0 0 6 , pp. 148-155.

[79]

Sumner, J.J., S.E. Creager, J.J. Ma and D.D. DesM arteau. “Proton Conductivity
in Nafion® 117 and in a Novel Bis[(perfluoroalkyl)sulfonyl]imide Ionomer
M em brane,” Journal o f Electrochemical Society, vol. 145, 1998, pp. 107-110.

[80]

Alberti, G., M. Casciola, L. Massinelli, and B. Bauer. “Polymeric proton
conducting membranes for medium tem perature fiiel cells (1 10-160°C),” Journal
o f M em brane Science, vol. 185, 2001, pp.73-81.

[81]

Sun, Y., S. Ma, Y. Du, L. Yuan, S. Wang, J. Yang, F. Deng, and F-S. Xiao.
“Solvent-Free Preparation o f N anosized Sulfated Zirconia with Bronsted Acidic
Sites from Simple Calcination,” Journal o f Physical Chemistry: B, vol. 109,
2005, pp. 2567-2572.

[82]

Bensitel, M., O. Saur, and J.C. Lavalley. “Acidity o f Zirconium Oxide and
Sulfated Z r0 2 Samples,” M aterials Chemistry a n d Physics, vol. 17. 1987, pp.
249-258.

[83]

Afanassyev, l.S. and N.K. Moroz. “Proton transferin hydrated ammonium
zeolites: a 'H N M R study o fN H 4 -chabazite and NH 4 -clinoptilolite,” Solid State
Ionics, vol. 160, 2003, p. 125-129.

[84]

Steinhart, M., J. H. Wendorff, A. Greiner, R.B. Wehrspohn, K. Nielsch, J.
Schilling, J. Choi, and U. Gosele, “Polymer nanotubes by wetting o f ordered
tem plates,” Science, vol. 296, 2002, p. 1997.

83
[85]

Jin, T., T. Yamaguchi, and K. Tanabe. "Mechanism o f acidity generation on
sulfur-prom oted metal oxides. Journal o f Physical Chemistry, vol. 6. 2004, pp
923-928.

[86]

Rasband, W.S., ImageJ, U.S. National Institutes o f Health, Bethesda, Maryland,
USA, http://im agej.nih.gov/ij/, 1997— 2011.

[87]

Rittner, D. and R. A. Bailey. Encyclopedia o f Chemistry, Facts on File, Inc., New
York, New York. 2005.

[88]

Young, R. V. and S. Sesnne. World o f Chemistry, Gale Group, Detroit, Michigan,

2000 .
[89]

Higson, S. P.J. Analytical Chemistry, Oxford University Press. New York, N ew
York. 2004.

[90]

Urban, M. W. Vibrational Spectroscopy o f M olecules a n d M acromolecules on
Surfaces, John Wiley & Sons, New York, N ew York, 1993.

[91]

Haase, F. and J. Sauer. “The surface structure o f sulfated zirconia: Periodic ab
initio study o f sulfuric acid adsorbed on ZrO2(101) and ZrO 2(001),” Journal o f
the Am erican Chemical Society, vol. 120, 1998, pp. 13503-13512.

[92]

Korzeniewski, C., D. E. Snow, and R. Basnayake. “Transm ission Infrared
Spectroscopy as a Probe o f Nafion® Film Structure: A nalysis o f Spectral Regions
Fundamental to Understanding Hydration Effects,” A pplied Spectroscopy, vol. 60,
2006, pp. 599-604.

[93]

M elman, Y. Construction and Characterization o f System f o r Electrical
M easurement with Temperature Control, 2004.

84
[94]

Gerteisen, D., A. Hakenjos, and J. O. Schumacher. “AC impedance modeling
study on porous electrodes o f proton exchange membrane fuel cells using
agglomerate model,” Journal o f Power Sources, vol. 173, 2007, pp. 346-356.

[95]

Tully-Dartez, S. A pplied Electrokinetics f o r Tissue Engineering Applications,
Ruston, Louisiana: Louisiana Tech University, 2009.

[96]

M acDonald, J. R. and W. B. Johnson. "Fundamentals o f Impendence
Spectroscopy." Im pedance Spectroscopy Theory, Experiment, and Application.
2nd Ed. Edited: Evgenij Barsoukov and J. Ross M acDonald. John Wiley &
Sons. Hoboken, N ew Jersey, pp. 1-26, 2005.

[97]

Yuan, X.-Z., C. Song, H. Wang, and J. Zhang. Electrochemical Impedance
Spectroscopy in P E M Fuel Cells. Springer. London, England. 2010.

[98]

Eccarius, S., B. L. Garcia, C. Hebling, and J. W. Weidner, “Experimental
validation o f a methanol crossover model in DMFC applications,” Journal o f
Pow er Sources, vol. 179, 2000, pp. 723-733.

[99]

Datta, P. and A. Beskok. “Analytical Solution o f Combined
Electroosmotic/Pressure Driven Flows in Tw o-D im ension Straight Channels:
Finite Debye Layer Effects,” Analytical Chemistry, vol. 73, 2001, pp 1979-1986.

[100]

Ghosal, S.. “Fluid mechanics o f electroosmotic flow and its effect on band
broadening in capillary electrophoresis,” Electrophoresis, vol. 25, 2004, pp. 214228.

[101]

Patankar, N. A., and H. H. Hu. “Numerical Simulation o f Electroosmotic Flow,”
Analytical Chemistry, vol. 70, 1998, pp. 1870-1881.

85
[102]

Oddy, M. H. Electrokinetic Transport Phenomena: M obility M easurem ent and
Electrokinetic Instability, Stanford University, 2005.

[103]

Brant, J.A., K.M. Johnson and A.E. Childress. “ Examining the electrochemical
properties o f a nanofiltration membrane with atomic force microscopy,” Journal
o f M embrane Science, vol. 2, 2005, pp. 286-294.

[104]

Liechty, B., B. W. Webb, and R.D. Maynes. “Convective heat transfer
characteristics o f electro-osmotically generated flow in microtubes at high wall
potential,” International Journal o f H eat and M ass Transfer, vol. 48, 2005, pp.
2360-2371.

[105]

Karimi, G. and X. Li. “Electroosmotic flow through polym er electrolyte
membranes in PEM fuel cells,” Journal o f Power Sources, vol. 140, 2005,
pp. 1-11.

[106]

K-TEK Company. “Dielectric Constants Reference Chart,” Houston, Texas.
http://asiinstr.com /technical/D ielectric% 20Constants.htm , 2009-2012.

[107]

Laidler, K.. J., J.H. Meiser, and B. C. Sanctuary. Physical Chemistry, 4th ed.
Houghton M ifflin Company, Boston, M assachusetts, 2003.

[108]

Halliday, D., R. Resnick and J. Walker. Fundamentals o f Physics, 6th ed., Wiley
& Sons, New York, New York, 2001.

[109]

Incorpera, F. P. and D. P. DeWitt. Fundamentals o f H eat a n d M ass Transfer, 5th
ed., John Wiley & Sons, Hoboken, New Jersey, 2002.

[110]

Bird, B.R, W. E. Stewart, and E. N. Lightfoot. Transport Phenomena. 2nd Ed.
John Wiley & Sons. New York, N ew York. 2001.

86

[111]

Harris, D. C. Quantitative Chemical Analysis, New York, New York: W.H.
Freeman & Co., 1932.

[1 12]

Brown, E. R. and J. R. Sandifer, “Cyclic Voltammetry, AC Polarography, and
Related Techniques,” Physical M ethods o f Chemistry, New York, New York:
John Wiley & Sons, 1986, pp. 273-298.

[113]

Muzamir, I., B. Ismail, C. M. Hadzer, I. Daut and F. A. Bakar, “Characteristic
Curve o f a Fuel C ell,” Am erican Journal o f Applied Sciences, vol. 3, 2006,
pp. 2134-2135.

[114]

Eg & G Technical Services, Inc. "Fuel Cell Handbook." 6th Ed. Department o f
Energy. Morgantown, West Virginia. 2002.

[115]

Ferreira, T. A. and W.Rasband. “The ImageJ Use G uide-Version 1.43,” NIH.
April 20, 2010.

[116] Welty, J. R., C. E. Wicks, R. E. Wilson, and G. Rorrer. Fundamentals o f
Momentum, H eat and M ass Transfer, 4th ed., John Wiley & Sons, Hoboken, N ew
Jersey, 2001.
[117] Wang, Q., A. Geiger, R. Frias and T. D. Golden. “An Introduction to
Electrochemistry for Undergraduates: Detection o f Vitamin C (Ascorbic Acid) in
Inexpensive Electrode Sensors,” Chemistry Educator, vol. 5, 2000, pp. 55-60.

